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Sir: 

1. Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

l'. I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PGR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PGR assay is described, for example, in the following scientific 
publications: Higuchi et al. Biotechnology 10:413-417 (1992) (Exhibit B); Livak e/ al, PGR 
Methods Appl., 4:357-362 (1995) (Exhibit G> and Heid et al. Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PGR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PGR primers. The extent of 
digestion depends directly on the amount of PGR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PGR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PGR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PGR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad Sci. USA . 95(25):14717-14722 (1998) (Exhibit E); Pitti et al. Nature 
396(67 12);699-703 (1998) (Exhibit?) andBieche etai. Int. J. Gancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PGR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PGR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PGR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PGR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown - 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PGR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. r declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 1 8 of the United States 
Gode, and that such willful false statements may jeopardize the vahdity of the application or any 
patent issuing thereon. 




Date 



Audrey D. Goddard, Ph.D. 



.3- 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

godclarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
PartHSubteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research; 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 -1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification, 

• Design and implementation of analysis tools required for high throughput gene identification, 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery, 

• Development of signal peptide selection methods, 

• Evaluation of candidate disease genes, 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



University of Toronto 
Toronto. Ontario, Canada. 
Department of Medical 
Biophysics. 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton. Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology 1. Marco Island. FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 . 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76*^ Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua. Italy. October 1991 



2000 



PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6.455.496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426.218. Date of Patent: July 30. 2002. 

Godowski P. Gurney A. Hillan KJ. Botstein D. Goddard A, Roy M, Ferrara N, Turnas D. 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number. 6.4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL. Napier MA. Tumas D. Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6.410,708. Date of Patent:: 
Jun. 25. 2002. 

Botstein DA, Cohen RL. Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ. 
Pennica D. Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372.491. Date of 
Patent: April 16, 2002. 

Godowski PJ. Gurney AL. Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350.450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19. 2002. 

Attie KM. Carlsson LMS. Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207.640. Date of Patent: March 27, 
2001. . 

Fong S, Ferrara N. Goddard A, Godowski PJ. Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6.074.873. Date of Patent: June 13. 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5.824,642. Date of Patent: October 20. 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth homione 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D. Dowd P. Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in nnouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C. Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G. Stinson J, Corpuz RT. Simmons L, Hillan K, 
Yansura DG, Vandlen RL. Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX. Goddard AD, Grimaldi JC, Lee J, Dowd P. Colman 
S., Lewin DA. (2001) BFIT. a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 276{2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H. Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S. Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG. Schilbach S. Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG, (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Hoicomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mElO, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol, Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM. Dowd P. 
Brush J, Heldens S, Schow P, Goddard AD, Wood WI. Baker KP. Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA .Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Car)cer Research 59: 2718-2723. 

Pitti RM. Marsters SA. Lawrence DA. Roy M, Kischkel FC. Dowd P. Huang A, Donahue CJ. 
Sherwood SW. Baldwin DT. Godowski PJ. Wood Wl, Gurney AL, Hillan KJ. Cohen RL, 
Coddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA. Lawrence DA. Lee J, Brush J. Taneyhill LA. 
Deuel B. Lew M. Watanabe C. Cohen RL, Melhem MF, Finley GG. Quirke P, Goddard AD. 
Hillan KJ, Gurney AL. Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB. Mark MR, Gray A. Huang A, Xie MH, Zhang M. Goddard A, Wood Wl. Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z. Yuan JQ, Goddard A, Adams CW. Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP. Pitti RM. Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

-Xie J, Murone M, Luoh SM. Ryan A, Gu Q. Zhang C, Bonifas JM, Lam CW. Hynes M, 
Goddard A. Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan J P, Pitti RM. Huang A. Skubatch M, Baldwin D. Yuan J. Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M. Pitts-Meek S, Goddard A. Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor G//-1 Neuron 
19: 15-26. 

Sheridan JP, Marsters SA. Pitti RM. Gurney A.. Skubatch M. Baldwin D. Ramakrishnan L. 
Gray CL. Baker K. Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
JRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chemausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD. Sherman D, Ho WH, Stone D, Bennett GL. Moffat B, Vandlen R, Simmons L, Gu Q. 
Hongo JA, Devaux B, Poulsen K, Amnanini M, Nozaki C, Asai N, Goddard A, Phillips H. 
Henderson CE. Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 71 7-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
334(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M. Xiong J, Shu HB, Williamson K. Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M. Luoh SM. Goddard A. Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Mcrob/o/ogy 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular E ndocrinoloav of Cancer. 
Waxman. J. Ed. Cambridge University Press, Cambridge UK, pp.187-215. 

Treanor JJS, Goodman L, de Sauvage F. Stone DM, Poulson KT, Beck CD, Gray C, Amnanini 
MP, Pollocks RA, Hefti F. Phillips HS, Goddard A. Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M. Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1 , a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1 866-1 870. 

Huang X, Yuang J, Goddard A. Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A. Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD. Yuan JQ. Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N, EngL J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci, Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC. 
Floretos T. Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv, Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene. PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM. Goddard AD, Squire JA, Becker A. Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet CelL Genet 59: 248-252. 

Foulkes W. Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
BnY/s/7 Med. J. 302: 409. 

Goddard AD. Borrow J, Freemont PS and Solomon E. (1 991 ) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160, 

Pajunen L, Jones TA, Goddard A, Sheer D. Solomon E, Pihiajaniemi T and Kivirikko KL 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet CelL Genet 56: 165-168. 

Borrow J, Black DM. Goddard AD, Yagle MK. Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genom/cs 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD. Sheer D, Solomon E and 
Pihiajanie'rni T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. AG: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM. Canton M. Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V. Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RBI cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genef/cs 37: 117-126. 

Zhu XP, Dunn JM. Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL. (1989) 
Germline, but not somatic, mutations of the RBI gene preferentially involve the paternal 
allele. Nature 340: .312-314. 

Gallie BL. Dunn JM, Goddard A. Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Bioloov of The Eve: Genes. Vision and 
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Wc have enhanced the polymerase ch^n 
teaction (PGR) such that specific I>NA 
sequences can be detected without open- 
ing the reaction tube* Tbh eubaiaceTOeftt 
requires Ae addition of ethidaum bjomide 
(EtBr) to a PCR- Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fiuot^s- 
cence in such a PGR indicates a positive 
amptification, which can be e£iSily mioni* 
tored externally. In fact, amplification can 
be continuously monitored iti order to 
follow its progress. The ability to simulta- 
neously amp&y specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its autonaation and more 
widespread use in the clinic or in other 
situatu^ns requiriiig hig^i sample ^jrough- 
put 

Although tUc potential benefit of I*CR' to clitj- 
kal (tognoAtica arc vrcU kuowi^^-*, it U siill net 
widely used in this setdng, cvxri tliough it is 
fouf yenrft tlaxx thcrn>6itt=iW^ DNA potyrri^f- 
{W(56* TDfldc PGR pmctical. Some of the reasons for it* slow 
Hocepuncc are high cost, lack of automatkm of pre-r and 
post-PCR pro<x»ging ateps, and false positive fesuUs. from 
carryovcr-conumination. The firsi two poiDt» arc rdated 
in that Ubor is th« largest contributor to cost sit the present 
stage of PCR dcvelopmenL Most eurrtrlt assays requite 
BOTWC forro of "downstream" processing once Aetmocy. 
ding tfi done in order lo determine whether the target 
BNA sequence was present ^»d has amplfficd. The*fi 
include DNA hybridiayidon*^. gel eiectropbore*is with or 
without use of restriction dtgesdon^. HFLC?, or capiHaxy 
rAectxophorcsvi***. These methods are labor-intense, have, 
low throughput, and sure diSicult to autoinatc. The third 
point is aLo cloudy related to downstream processing. 
The handliag of the PGR produa in these downstream 
processes imreascs the chaDces that amplified DNA wUl 
«pread through the typit^g fab, resulting in a risk of 



'carryover" fafee positives in subsequent tesdng". 

These down^itrcafti processing steps would be eUnii- 
nated if specific amplification and detection of ^unphficd 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which «ut^ dilFcrcnt processes take 
>lace without, the &ced to separate reaction components 
lavc beet* termed ^'homogeneous''. No truly homogc-. 
ti«ous PCR assay has been dpmortstrated to date, alchough 
progTiCSs towards this end has been reported. Chehab, et 
al.*^ developed a FCR produa detectbn scheme using 
fluorescent primers that resulted in a fiuorcscent PCR 
product AJldc-spedfic primers, C3ch with different fiuo- 
rescsent tsfgs, were used to indicate the genotype of the 
DNA. However, the unincorporated primers inusl still be 
removed in a downstream process in order to visu^?^ the 
result Recently. HoUahd, et a^.^^ devdopcd a« assaj^itt 
iwluch Oie endogenous 5' <;x6nudease assay of Taq DHA 
piirytnerafie was exploited to cleave a labeled oligoaucko- 
lide probe. The probe would only dcave if PCR ampfin- 
cation had produced its coroptetMentaiy sequence. In 
order to detect the dcavagc products, however, a svbse- 
qmcnt proccsjs m iagain Yieeded, 

Wc have developed a truly homogeneous assay for FCK 
and PGR prodiict detection based upion tbc gready in* 
creased fluorescence that ethidiuin broinide and other 
DNA binding dyes exhibit whetj they are bound t<vds- 
DNA^^*^ As outlined in Figure h a proiotypic PCR 
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ROntE 1 Principle of simultanccnia ampEification and* detection of . 
PCR pi^ucL The f^mponcnu ofa Pto contwnhi^ EtBr that are 
Ouorescent arelisied— EtBr itself, EtBr bound toerthcrssDN AOT 
daDN A . Thctc w a Urge Subrcsccncc cnhanauncnt when EtBr is 
bound to DNA and bmdih^ is grcady cnhanccii when DNA is 
doublc-stTandcd, After sumdcnt <n> .CTdcs of PGR* the.net 
incrcaAe in dfipNA residts in additional EtBr biodin^. and ti net 
iQcrcfise in total -AiicizTi.sccn(£: 
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HwUkt j| Gel dcdrophoresis of PCR ainapUfication products of ihc 
huinan, tiitdcar gene, HLA DQct> made in the pr«*enoc of 
incrc^jag aznouDts of £tBr (up to S M^g^ml). Tbc preseace of 
Et3r Etas no obvious efifea on utc yieJd or spcdfluty of amplifi- 
cidon. 




B. 




$ (A) Ftuoiescence mcasurcmcnu It^om PCRs tbdt contain 
03 ^g^m! £iBr and th^t 9t« spcdfic for Y<])^tno$ojdac npcat 
iiequenoc*. Five rrpUcatc PGRs.^fere begun contain'mf each of the 
DNA9 spectAed. Ax icacb indiditcd cyde, ooc of the five replicate 
I'CRs for each DNA yi^s. rcnioved from thcrmocydzng and tts 
fluorescence Tnca$ured. Unite of fluoi^cnce Arc aTtttxair. (B) 
UV photography of PGR tuhe* (0,5 ml Eppcndorf^^c, ix)%^ 
pylcne mtcro<entrifuge tubes) cont^nung reactions^ those Ata.tt> 
mg from ^ ng male DNA and control Tcaction$ without any DNA, 
from (A), 



begins with primers that are single-scnindcd DNA (ss- 
DNA), dNTP*, and DNA polymerase^ Aii amount of 
<LsDNA eontaitiing the target sequence (target DNA) is 
also typically preaenl. Thh amouat zaai vary, depen<&g 
on the application, from siug^le-ceU amounts of DNA*^ to 
micrograms per PCR^®, If EtBr is present^ the reagents 
that wiU fluoresce, in order of iiwrcasing fiuorcscxnoe, are 
fnx EtBr itedf, and EtBr bound to the singk-stxandcd 
DNA primers and to the doubl<>stntad€d target DNA (by 
its intercahtton between the stacked ba$C9 of the DNA 
doublc-hcfix). After the first denaturation cyde» Ui^cft 
DNA will be largety $tn£ic-3tranded. After a PCR is 
oompletcd. the most significant change k cbc increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrpgr^ims. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an bicrease in £Iuqtcs- 
ccnoe. There is also some decrease in the atnotxnt of 
ssDNA primer, but becau^ the bindmg of EtBr to sfiDNA 
is tnuch less than to dsDNA, the efr<^ct of thb change on 
the total RuoreKCTicc of the sample is smalL The fluorca- 
cence iticrease can be measured by directing cxotation 
iltuminatjon thninigh the wails of the amplificadon vessel 



bclbrc and after, or even coniiouously during, thennocy- 
ding. 

RESULTS 

PGR in &e presence of EtBr. It? order to assess th^ 
affect of EtBr In FOR, ampliBcatious of the human Hl^ 
DQa gene*'' were performed with the dye present at 
concentrations from 0,06 to 8.0 p-g^ml (a ly^tcajt concen- 
tration of EtBr u^ied in staining of nuckk aods following 
gel elcarophoresis is 0.5 ^^m^. As shown in figure 2, 
ekctro^horcsis revealed little or no difference in the yield 
or quality of tbfi amplification product whether EtBr was 
absent or present at any of these concentrattotis, indicat- 
ing that EtBr does not inhibit PCR. 

Detecticm of b^man Y-cfat^itoscmMs Epeolic se*. 
cpiGnees. Sequence-spedhc, fluorescence enhancement of 
EtBr ax a result of FOR was demonstrated in a scries of 
amplificatk>ns containing 0,5 u^^ml EtBr and ptimer^ 
fipeofic to repeat DNA sequetKcs found on the human ; 
Y-chromosomc^- These PCRs initially contained either 
60 Dg male. 60 female, 2 ng mak human or no DNA^ 
Five replicate FCRs were begun for each DNA. After Q, 
17, 21, 24 and 29 cydes of thermocyding, a PCR for cacJi 
DNA removed from the thenoocyder, and it$ fiuo- 
resoence measurt^d in a spcctrofinorometer and pkmed 
V5. amplificadon cyde number (Fig. 3 A), The shape of this 
curve rcSeOs the fact that by the titne an increase in 
fluorescence can be detected^ the izicreasc in DNA is 
becoming linear and not exponential with cyde number: 
As shown, the fluorcsccnoc increased aboujC three-fold 
over the l^dkground fluotescence for the PCRjs fcjontain- 
iag himian male DNA, but did not significantly increase 
for negative control PCRa, which contained eitHeT no 
DNA or hutiian female DNA. The more mak DNA 
present to begin with— 60 ng viwsus t ng-^the fewer 
cycles were n<^ed Co give a detectable increase in fluo- 
rescence. Od idectropSoresta oo the |>roducts of these 
amplifications showed that DNA frafpnents of the ex- 
peocd size were made in the male DNA containing 
reactions and that Me DN A syntbe«a$ took place in the 
control samples. 

In addition, the increase in Auomcenec w^k visualized 
by simply laying the annpieted, unopened PCRs on a UV 
transilhiminator and phtrtographing them throfugh a red 
filter. This is shown in figure 3B tor the reactions that 
began with 2 ng male DNA and those with no DNA. 

Detecticm of specific allckfi of the human f(-globiD 
gene, in order to demonstrate that this approach has 
adequate spedSidcy to allow genetic screenings a detection 
of the *icklc-cdl anemia rautadon was performed* Figure 
4 shows the ft.uotescencc from completed axaj^catio^s 

contadning EtBr (0.5 liLg/ml) a* detAcwia by photogr;(phy 

of the reaction tubes on a UV transilluminator. These 
reactions were performed u£ng pniacTR spedfic for ci* 
ther the wild -type or sickle-<3eil mutation of the human 
^tobin gefte*^ The spcdfvdty for each allele is "unparted 
by placmg the sickie-mutation site at the terminal 3' 
nucleotide of one ptitner. By using an appropiiaie primer 
annealing temperaturCt pttmei* ottensiostv— and thus am- 
pli(k9tipnr-can uke place only if the S' nucleotide of the 
primer i$ coin^lemcntary to the p-^k3jtMn aUdc prcftcnt*^' • 
Each pair ampltificationg shown in Figure 4 consists of 
a reaction with eidrcr the wildHypc allde spedfic (left 
tube) or sicklc-alieJe spedBc (right tube) primex^. Three 
different DNAs were typed: DNA fnom a homozygous, 
wild-type &-globin individual (A A); from a heterozygous 
sickle p^Ipbin individual (AS); and from a homozygous 
sickle p-gloWn individual (SS). Each DNA (50 ng genomic 
DNA to start cadi PGR) was analyzed in triplicate (3 paiw 
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reactions each). The DMA .type vras reflected in tbc 
Jja0ve fluotescetice intensities in each pair of tt^mf^ete^ 
L^tfioitionfi. There was a sigaificant increase in fluorea- 
^ac only where ^ p^globin aQele DNA matched the 
prirocr »ct. WhcD mcaswred oix a spcctroflporoinctcr 
Matfi not shown), this fluorescence was about three tifllcs 
present in a FCR where both p-globm alleles were 
rftisinatchcd to the onmer sec Gel cfcctropboorccia (not 
flhowti) ejscablishcd that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fi^igmcnt of the expected size for p-^lobin. There was 
litdc synthesis of dsDNA in reactions m . which the aflele- 
^pcd^c primer was mismatched to both alleles. 

Continvov,? moxutoiiag of a PCR- Usiug a fiber optic 
devtceril i» po$}»ible to direct excitation illumination from 
P spectrofluorometcr to a PGR undcvgoixig thcnnocyding 
and to return its fluorescence to the Kpcccroftuorotueter. 
The fluorescence retidout of such an arrangement, di- 
fcctcd at an EtBr*containing amplificadoQ of Y-chromo- 
ivQrac specific sequences from 25 ng of bumap male DNA* 
is shown in Figure 5. The readout from a control tCR 
whli no target DNA is also shown. Thirty cycks of PCR 
^erc monitored for each- 

The ftuorcsccncc trace ax a function of time dearly 
shows the elTeet of the thermocyding. Fluorescence intcn- 
idiy riaes and.£aib inversely with temperature* The fluo- 
rericcncc intexifdiy Is minimum at tbe denaturatxon (em^ 
peniture (94*C) and maximum at die anncalingjesctension 
temperature (5<rC). In the negaiive<ontrol PCR^ these 
6uocescence maxima and minima do not change signifi- 
csntly over the ihiny tbcrraocycte, indicating that there is 
little dsDNA fjyntbesis without the appropriate target 
DNA, and there b litdc if any Wcacfuns of EtBr during 
th< continuous iliumination <>f the ssm)|^» 

Jn the PCR containing male DNA, the flqorcsoencc 
raaximfi at the annealing/extension temperature begin to 
IncTcaAe ai about 4000 sccond^^ of thcranocyding, and 
contintte to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
Tcsccnce mintma at the denatuiatioD tetnpctature. do not 
aigniftcantly increasK;i prcfUmaWy because at this temper- 
ature there is no dsDN A for EtBr to bind- Thus the course 
of the amplification is followed by tracking the fliuorcs-. 
ccnce increase at the aaneaHn^ temperature. Analysis of 
the products of these two amplificadons by gel ckctixjpho" 
rcpis showed a DNA fragment of the expected siie for the 
male DNA containing sample and no detectable DNA 
sytjiheAW for the control sample* 

DISCUSSION 

Downstream processes such as hybridizaiion to a se- 
qwnce-Rpedfic probe can enhance die specifidty of DNA 
deteviiivii b> FCR. The cHiniootion of dicAC proccssca- 
means that' the specificity of this homogeneous assay 
depends solely on ibat of PCiR* In the case of sickle-cell 
dwcase, we have shown that PGR alooc has sufficient DNA 
sequence spcdfidty to permit genetic screening. Using 
appropriate amplification coiidilions, there is litUc t),on* 
upcdRc producdon of dsDNA in the absence of the 
Tipjpropriatc target allele. 

The spedfidiy required to detect pathogens can be 
more or less than d>at required' to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with die 
sample. A diBkult target is HIV, which requires detection 
of a viral genome that can be at the level of a few cop^ 
per thoiwands of host cells*, C<wipared with genetic 
aacening, which is performed on cdls jcontaining at lean 
one copy of die target sequence* HiV Ideiection requires 
both more spedfidty and the input of more total 
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4 UV photography of tubes GODtaixiing 
wsiog EtBr tfijtt art spedfitc to wiW-typc (A) xjt licSlt (S> alldea of 
the fnmuin ^-g^n gcaie. The of each p&ir of tubes contains 
aOde-tpedfic p jimeys to the wild-type alleles, the Hghi tube 
prixnctt to the wcWe attek- The phmoRraph vr^ tatcia alter 30 
cycles of PGR, aiwJ the mput D^fA£ and! the alkies ihw contain 
are bdkated. f^fty kig of DNA used to bcein FCR Typmg 
was done ui tripticete (S pattt ofPCRs) for eatJl input DNA: 
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20ng of male DNA 
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2000 4000 6000 8000 
time (sec) 

RGVKS Continoous, real-time monitoTin^ of a PCR. Afibcroptk 
was osCTi to <»rjy cjuataiion light to a K;R ha progres aod also 
emiu^ Ught bas± to a Buoromctcr (bcc Expenm^tol Pt<itOT^. 
Amplification usifltghuman malo-DNA speofic pnmOT in a PCR 
surfing wtth ^ ng of human nude DNA {U)o\ or jn a control 
PCR wthout DNA (boltrtm), were iraonhored. Thirty cyd« of 
PCR were foJiowed for each. Hie temperature cycled between 
WC (denaturation) and 50*C (anncalidg and extension). Note in 
the male DNA K»,.die cyde (time) depietSJcet maesiH: in 
fluorescence at tht aniitaEng^cxteDaiffls teropetaturc 
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DN A— «p to microgram ainoun&-^a order to have suf- 
ficient numbcre of tai^ct sequences. This larg« amount of 
.<!taiting m an ampliScatkm signi&cantly uiacases 
the bacK^urtd fluomcence ovtr whidt ajoir ^ddmona! 
nuortsoence produced by PCR must hc detected. An 
additional compKcation that ocean wiih targets in low 
copy-ntmiber is the fonnation of the **primct-duner" 
artifeicu This is the tcsult of the extension of one primer 
using the other primer w a tcirrplate* Although this occurs 
infrequently, once it occurs the extension produa is a 
substrate for PGR ampHftcadoOf and can compete whh 
true PGR targets if those targets are rare. The primisr- 
dimcr product i5 of course dsDNA and thus 13 a potential 
source of false signal in this komofftneoux a^say. 

To increase PGR specificity and reduce the eflfcct of 
phmer-dixncr antpUficatKHi, we are investLgatixig a num^ 
ber of approaches, tnduding the use of Dcsted^primer 
ampURcauons that take place in a ^ngic tubc^t and the 
'liot-start'^t ID which noaspedfic atapU^catton h& reduced 
by raising the temperature of the reaction before DNA 
synthesis begins^*. Prt^hninary resuks using these ap- 
proaches suggest tbat-PTuncr-dinxcT b effectively reduced 
and it is possible 10 detect the ittcr^se in EtBr Buores- 
oencc in a PGR instigated by a single HIV genome in a 
backgroutid of 10* ctdU. With larger numbcTB^ of ccUa, the 
background Ruorcsccnce contributed by genomic DNA 
becomes prtiblematic. To reduce iWs background, ii m^y 
be possible to use sequence*<specific DNA-binding dyes 
that can be made toprcferentiaJly l»nd PGR prodiict over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCH product through a 5' ^add^n" to . 
the oligonucleotide primer*"*. 

We nave shown that the detection of Buorescencc 
generated by an £tBr-containing PGR is straightforward, 
both once PGR 15 completed aod continuously during 
(hermocyding. The ease with which automatioo of spe- 
cific DNA detection can be accomplished is the niost 
protnising aspect of this assay. Tlie Huorescence analysis 
of completed PGRs is aIrcadyjf>os$ibJc with cxwtir^g instru- 
mentation in gO-iivdl format*^. In tliis format^ the fluores- 
cence in each PGR can be ^uantitated before, after, and 
even at .selected points durmg th€rnK>cyc"i:»g by moving 
die rack of PCRs to a 9&-micro^cM plate fluorescence 
rcadcT^*^, 

Tlie instrumentation necessary to continuouily tnonhor 
multiple PCRs simuUancoufily is also simple in principle. 
A direct e?cten«on of the apparatus used here is to have 
tnultip^ fiberoprics transmit the excitation light and flu- 
orescent emissioBs to and frojn mukipte PCRs. The ability 
to monitor multipk PCRs continuously may allow quan- 
titation of target UNA copy number- Figure 5 shows that 
the larger the amount of starting target DNAj the sooner 
diiH»i0 PT.R a fliiorftscEncc incrra.sc is detected. Prdinii- 
nary expeiimcnts <HigiLchi and DoUinger, manuscript in 
preparation) *^ith continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentradon. 

Gonver&cly* if the number of target molecules is 
Vnown — as It can be in genetic screening-rcontinuoiis 
monitoring may provide a means pf detecting falgc posi- 
tive and false negative result*. With a known numbtr of 
target molectiks, a true poddve would e^diibic detectable 
fluorescence by a predictable number of cydes of PGR. 
Increases in fluorescence detected before or after that 
cyde would indicate potential artifacts* False negative 
refiuks due to, for example.. inhibidon of DNA po^er- 
ase, may be detected by induding within each PGR an 
ineffiacndy ampRfyii>g marker. This marker results in a 
Auoreftcence increase only after a large number of cy- 
cles— many more than arc necessary 60 detea a true 
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positive. If a samj^c fails to hare a fluorescence increaie 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, condusions are drawn based on die presence 
or absence of fltuorcsccnoc signal alone, such controls rnay 
be important. In any event before any test based on this 
prindple is ready for the clinic^ an assessment of tt^ faUe 
positive^false negadve rates will need to be obtained' using 
a large number of known samples. 

In nummary*, the indusion tia PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcdhc DNA amplification from outsldi^ 
the PGR tube. In the future, instruments based upon this 
prindple may facilitate the more widespread use of PGR 
in applications that demand the high throughput of 
$atnple5< 

E3C?£RIMENTAL PROTOOOl. 

Hnman HLA-DQn geaM 4UttipKBeations cimtainu^ EtBi, 
PCRs were set up in lOD (*l voJbmes coniaining 10 mM Tfis-HQ, 
pH 8.3; SO mM KCl; 4 mM MgOi: vniu of taa DNA 
potymecasc (PerViiu£}tAcr Ccctu. Norwalk, CT); 20 pniole each 
of human HlArDQa gcnc spcdfic oligonucleodde primers 
(»i$6 and CH27^' and appronmatd^ 10^ c<n»cs of V>Qti PCK 
product diluted frtm a previous I'eaction. Ethidium bronude 
(El&n Sigtvu^ was used »t tbe cornGcairationE indicated in FigorG 
2. Thcnnocyding proceeded for 20 cycles in a modd 4ftO 
thcTBiocycleT (Perkin-EImer Ccqtt, Norwalk, Ct) using a "step- 
cyclc" pixignun of 94^ for 2 rain^ dcnaturaticMi and 6CrC fdr^ 
sec antK^ng and 7i*^C for 30 sec. e&iension. 

Y^^chioiBosomc specific PCR. PCRs (100 fd tdtal r^acdpo 
volume) containing 0*5 JBtBr were prepared as described 

for HLA-DQo, except wioi dift'crcnt primci^ and target DNAs. 
These PCRs contained 1 5 pmobc cadi male DN A-*pcciJ5c pnme^> 
YM and add cither 60 ng nrale. 00 0£ female, 2 roak 

or no human DNA. Thcnnocyding was M'^STpr ] min- and 60^0 
for J min using a "stcp-tydt* ft t o gtwa. The number of cycles for 
a sample were as tndkated in ffgui^t 3. Fluorescence meaAirc^ 
ment' IS d<Uicnbed below. 

AUdc-^pecific^ bninan ^-^k^ IfCK Amplilicauons of 
100 pJ vc^umc* ujrinff 0.5 jig^ml of SXBt were prcjKircd as 
described for HLA^DQa above except ^-ith diScrcnt pHmcrs and 
target DNAs. Thcfic PCtts cOnuuned ^iiW. pnincr pair HGF$/ 
H^HA <wfld-ttpe globifl « pedEc pnmctfi) or HOPa/JipiHlS <flick- 
Ic-fflobin spcdfic primers) at 10 pmole «ich primer per PGR, 
Uttse jptimcr? were developed by Wu ct aL=^ Three dilferenit 
Utg^ DNAit were uxcd in separate amplificat>onsr-^0 ng e^di of 
human DNA that was iiomozygpus for the »icVlc d^it {SS), DNA 
that waB hctcmzTKous for the sickle trait <A$>, or DNA that vrtw 
hom<xxygoud for Ac w.i. gJobin (AA). ThcrmocycBng for 30 
cycles at MX for 1 min. and 55*C for 1 min. itmng n "stcp-cycfc'' 
program. An anntidm^ temperature of 55X bad been .iihown vy 
Wa et al*' 10 provide allde-spcrific awplitetion* P>nip[5.^*; 
PCRs were phcrtographcd thtou|h a red fitter (Wratien_23A) 
after pladng the reacttcTn lubes atop a model TM-36 transiHurfti- 
nator <UV-prOduct5 Sah Gabrid, CA). 

Fhtorescem^emeasiireraem. Fhu>r<«cenoc racasurcraenw went 
ma(U on PCRs containing Et»r in a Ftuorolog-2 fltioromcter 
^PEX* Edison. NJ). Excitation was at the 500 nra band with 
ahout 2 nm bandwidth with « GO 4^5 nm eut-off.fiUerjN^F»cs 
Grist IbCm Irvine. CA) to exclude ecccmd-order light. Eronwa 
iighl was detected at 570 nm widi a bandwidd) of about 7 nm^ An 
OG 530 nm c«t-off fiJtcr was used to rcnwve the cacdtation Ugjjt- 

ContitHtottft ftnorescence xncnutoritng of PGR, Connnwwus 
nwnitoring of a PGR in progress was accompiisbed usin^ mc 
BpcctrofiuoroDieter and sctdnga dcscrrbod Above is weU as a 
fiberoptic accessory (SP£X cat no. 1950) 10 both send cxatajjoa 
light to. and receive emitted Ught from, a PGR pteod m a wcU 
a model 480 themwcydcr (Perkin-EluDer Cetus). The probe efl^ 
of the fiberoptic caWc was attached wtdi "5 min ute-cpoxy' to m 
open top of a PGR tube (a 0.5 ml poiypropyJenc centrifuge tube 
vnxh its cap removed) ieffeatveW flcaliog it The cj^posed toP <n 
tht PGR tube anrf the end of the fibcropuc caWc were slijcldca 
ftonj room Ught and the rooco lights were kept dimmed durmg 
each run. The pioniiorcd PCR was an amplificauetn of V-diio- 
rnospmE-fipcdfic repeal swjwenccs aa described above, except 
usiijg.an anncaKngyeactenSion temperomrc of 50^. The rcacoon 
was covered widi mujcirtU <mT (2 drops) to prcp^cnt evapdrauon- 
Tbcrroocytfcyand fiuorcsccncc rocasuccmcnt were started sij 
multancously, A time-base sc»ti with a 10 second integration tunc 



PAGESI6'RCVDAT7/19/20(l43:10:03PM[PacificDaylightTime]'SVR:SVCS01/0'DM^ ' DURATION (inin-ss):04<46 



JUL- 19-2004 13:53 FROM: 61 




EGAL 650 952 9881 



3E46638 



y!A% uFed and the emUision signal was ratiocd to tbr cxcitattcm 
nigrt^J W control for chfltif^^ iti Ji^t-iwirce intcniHty. bata.wcre 
^Iccied using the dni3{K)0f. version £.5 (SFEX) data system. 
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IMMUNO BIOLOGICAL LABOI^ATORIES 



$CD-14EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopotysaccharide 
(LPS) complexed to LFS-Binding-Protein (LBP). The 
concenirailon of te soluble form is aflered under 
certain pathologtoal condrtions. There, is evidence for 
an important rtrfe of $CD-14Avith pofytrauma, sepsis, 
burnings and inflammations. 
During septic corKlitons and acute intectior^s il seems 
to be a prognostic marl^efr and is therefore of value in 
monftoring these patients. 



IBL offers an ELISA for quantitative determination of 
soluble CD-14 in human serum, -plasma, cell-culture 
5uperr>atants and ofrier biological fluids. 
Assay features; 12x8 determinatior^ 

(microliter strips), 

precoated with a specific 

monoclonal antibody, 

2x1 hour incubation. 

standard range: 3-96 ng/mi 

detection limit: 1 ng/m! 

CV: intra- and interassay < 8% 



For more information caH or fax 



GESELLSCHAFT FUR IMMUNCHEMIE UND -BIOLOGIE MbTh 

OSTERSTRASSE 86 • D- 2000 HAMBURG 20 ■ GERMANY- TEL. +40/491 00 61-64 • FAX + 40 /40 11 98 
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SIMUITANiOUS ftNiniFiCAllON AND DEiKHON Of 
^PECmC IMA SeOOBICB 

ILussell mgttchiS Gavin DoUiBgerS S 

Roche Molecular System*. Inc., 1400 55wi St,, Emeryvm*. CA 94608. *Ca»ror» Corporation, 1400 SSrd Su. Emcryvtllc, CA 



We bave enhanced the polymerase chain 
r^Sicdon (PGR) such that specific DNA 
sequences can be detected witibLOut open- 
ing the reactian tube* This enbancerofittt 
requires the addition of ethi<Hnm fcromide 
(EtBr) to a PCR* Since &e fluorescence of 
EtBr increases in tike presence of double- 
stranded (ds) DNA an increase in finoi^s- 
cence in such a PCR indicates a positive 
amplification, which can be eiiSily nioni* 
tored externally* In fiict, amplification can 
be continuously monitored in order to 
follow its progiess. The ability to simuha- 
ueously amp&y specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situat&ns requiring high sample idhrough- 
put 



Although the poieaidal benefits of I»CR* lo cUn- 
kai (^gnosdcs weU kuowni'^''*, it U not 
widely used in this setting, cviyrt tiiough U is 
four ^'carft ciuco thcrnvTKtAW*: DNA po*ym^f* 

asc5^ THfldc PGR practicaL Some of the r^Ons for m $low 
HocepLant:c arc lugh cost, tatk of autainadon of pre-t and 
post-PCR prooewing aicps, and f^sc positive results from 
carryover-contamination. The fim two points arc rdated 
in that Ubot is the largest cotitributor to cost ait the present 
stage of PCR development. Moot Current assays require 
soTuc form of "downstream" processing once tiiemiocy- 
ding is done in order to determine whether the target 
DNA sequence was present a»d has ampltficd. These 
include DNA hybrkiiwoon**, gel ekctrophorcAis with or 
^^•ithout use of restriction digestion^;*, HFLCr, or capdlaxy 
electxophoTOvs'^. These coethods are labor-intense, have 
low ihroughpuu and arc difficult to automate. The third 
point is abo ckwdy related to downstream processing. 
The handling of the PCR produa in these downstream 
processes increases the chances thai anrpJSfied DNA* will 
spread through the typing lab, resulong In a .risk of 



carryover" fatee positives in suhseijuent testing . 

These downstream processing steps would be elinti- 
nated tf Jtpedfic amplification and detecUon of amphficd 
DNA took place simultaneously within an unopened re- 
action vcsscL Assays in whkh such dilFerent processes take 
place without the need to separate reaction conaponents 
have been termed 'Itomogeneous". Ko truly homogc- 
heous PCR assay has been domonstrated to date, although 
progress towards this end has been reported. Chdiab, et 
al.*^ developed a PCR product detection scheme using 
fluorescent primers that resulted in a filaorcficent PCR 
product AUclc-specific primers, each ^ith different fiuo- 
reskitent tags, were used to indiisate the genotype of the 
DNA. However, the unincorporated primers must stiU be 
removed in a dowR$tream process in ordertb visuaHrx: the 
result Recently, HoHahd, et aV^ developed an a8say^ in 
whit* the endogenous 5' exdnudease assay of Taq DNA 
polymerase was exploited to cleave a labeled oligonudeo- 
lide probe. Hie probe would only ckave if PCR ampfiti- 
cation had produced its coroplementaiy sequence, lu 
order to dccect the dcavage products, however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for FOR 
and PGR prodnci detection based upon the gready in- 
creased fluorescence that ethidium broinide and other 
DNA binding dyes exhibit when they are bound to^s- 

DNA^*-*'. As outlined in Figure h a proiotypic PCR 



ffce EtBr 



/ 



•bONA cofttaio'mg 
{op topcjimuoix) 



bDMA pnrutcf 




dtPNAfCRfTOdoct 

mVBE 1 •Principle of simultaRcous asnptificatkm and- detection Of 
PCR product The cOttiponcnu of a PCR contnnmfi EtBr thai arc 
fluoresQWK ^rehsied— EtBr itself, EtBr bound toother ssDNA ot 
daDN A . There Is a large finorcscenoc enhancement when EtBr is 
bound to DNA and iSndihir is gi<catty enhanced ^Acn DNA is 
douhlc-strmdcd. After sofidcnt <n>..cvdcs of PGR, the net 
iacwa>ve m diDNA residts In additional EtBr bin(£bg. and ft net 
increase in total HiiaarcsccnoQ: 
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MUbH 2 Gel dcctrophoresb of PClt a^oplification prodUcia of ihc 
human, tiitdcar gene, HLA DQa, mad* in the pM*cncc of 
incTKwijag anKHintfi of EtBr (up to 8 M-g^tdl). The preseacc of 
EtBr UsA oio obvious cffea on the ykW or spcdfjlchy of dmpliB- 





male 



21 as 29 
I / / 



DMA 



ntHIIEE % (A) Uttorescence mcasurcmenu ftx^ FCRs that cDoiain 
0.5 t&^ni! ElBr and that am spcdfic for V^irotno^ojEbc zcpcat 
^Muencot. Five rcf^cate PCRs. w«re begun conUtininf each of the 
DNA» 9pedfi«d. At irach mdimcd cyd<, twic of the five replkatc 
PCRs for cstd& DNA "was pcmoved from thcrmocydtng and its 
fluorescence measured. Uniu of fluorescence «rt ftTtitrarr. (B) 
UV (>hoiOgTa]phy of PCRtuha (0-5 inl Eppcndorf^tylc:, iXHyfNrO- 
pykrw mtc»v<«iijifuRc tubes} c6nt»ming reftctions» those nt»xu 
ing from t ng mate DNA and control rcaetions without any X)HA, 
ftotsx (A)* 



begins with primers that are ungle-scrandcd DNA (ss- 
DNA), dNTFsp and DNA polymerase! An ainount of 
<L<;DNA contaitimg the target sequence (target DNA) k 
also typically present. This aunowat can vary, depending 
on the application, from singrle-ceU amounts of DNA^^ to 
microhms per PGR - ®. If EtBr is present, the regents 
that will fluoresce, in order of incrcasin|^ fluorescence, are 
fixe EtJ&r H»c]ft and £cBt bound to the single-fibranded 
DNA prinien and to the doublc^tntnded target DNA (by 
its intercalation between the stacked bases of the DNA 
doubJc-hdix)* After the first denatu ration cydt^ t»T^et 
DNA will be largely ^ingie-stranded. After a PGR is 
completed, the most sigsitficant change i$ the increase in 
the amount of dsDNA (the PGR prcKlua itself) of up to 
several tnkrpgrams. Formerly free EtBr is boimd to the 
additiotia} dsDNA4 resulting in an increase m flu9rcs- 
ccnoc. There is also some decrease in the axnoaal of 
ssDNA primer, but beauM: the binding of EiBf to ssDN A 
ts much less than to dsDNA, the effect of tbb dumge on 
the total Ruoresccficc of the sample is smalL The fluores- 
cence increase can be measured by directing excitation 
illumiftaiion through the walls of the amplifieatton vessel 
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bcfere and after, or even coniJouously during, thermocv- 
ding. ' 

RESULTS 

PGR in die presence of EtBr. lu order to assef»s di^ 
affect of EtBr to PGR, amphficatious of the human Hi^ 
DQa gene*' uerc performed with the dye present at 
concentrations from 0,06 to 8.0 p-g^ml (a typtca} concen- 
Cration of EtBr u.<%d in staining of nuetek acnls ^blk>^v^ng 
gel electrophoresis is 0*5 h-S^iuO- As shown in Figure 2^^^ 
electrophoresis ix:vealed liule or no diSerence in the yield 
or quality of the ampliflcadon product whether EtBr was 
absent or present at any of these conoentratioiis, jndieai-^ 
ing that EtBr does not inhibit PGR, 

DetecticyR of faMKia Y-ehtOAosOTiKs specij[ic 
qncsices* Sequence-Specific^ fluorescence enhancement of 
EtBr a.^ a rx^ult of PGR was demonstrated in a scnes of 
ampliflcatk>ns containing 0.5 }ig/ml EtBr and ptinc^rs 
specific to repeat DNA sequences found on the human 
V-chromo«omc®*- These PCRa intttally contained cither 
60 0g male, 60 ng lemale. 2 ng mak human or no DNA. 
Five replicate PCRs were begun for fiach DNA* After 9, 
17, 21 » 24 and 29 cycles of thermocyding, a PGR for each 
DNA was removed from the thermocyder, and its. fluo- 
rescence measured in a spoctroOnorometer and piotted 
vs. am[^iflcation cyde number (Fiff. 3A), The shape of this 
coive reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA 
becoming linear and not exponential with cyde number: 
As shown, the fluforc-icqncc increased about three-fold 
orrer the l^ckground fluorescence fcHr the PGR& tsontain- 
ing human male DNA, but did not significantly increase 
for T^cgadve control PCRs^ which contained ^ther no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng vetsus 2 ng— <he fewer 
cydeii were needed to give a detectable increase in fluo- 
rescence. Od dectrDphoresis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pe<icd skc were made in the male DNA containing 
reactions and that little DN A synthesis took place in the 
control samples. 

Ill addition^ the increase in fluorescence waA visualized 
by simply laying the ampleted, unopened PCRs on a UV 
transilhimtnator and photographing d>cm through a red 
flicer. This is shown in figure 5B lor the reactions thai 
began with 2 ng male DNA and diose with no DNA. 

Deieetion oC speciflc alkkfi of the htiman 0-glohiD 
gene* In order to demonstrate that this approach h^ 
adequate spedfldcy to allow genetic screening, a detection 
of thcj iiicklc-cdl anemia mutation was performed* Fi^e 
4 shows the fluorescence from completed axap|i&catio^» 

conitahiiag EtBr (O.S |A.g/!ml) a$ deittctid hf photography 
of the reaction cubes on a UV transiUtmiinator. These 
reactions were performed using- primers spedftc for ei* 
ther the wild*t^pe or sickkKsll mutadon of the human 
^lobin gene*^ The spedfldty for each allctc i$ imparted 
by i^cmg the sickle-mutation she at the terminal 3' 
nucfeorddc of one primer. By using an appropijbte primer 
annealing temperacuret primer octensto^n-^nd thus am* 
pliflcatioh^^can uke place only if the 3' nudeotkle of the 
primer is coniplemcntary to the p-^dtm aUdc prciumt*^'*^. 

Each pair 6f ampWlcaiions shown in Figure 4 consists of 
a reaction with etcher the wiW-type aUc(<; spedflc (left 
tube) or skklc-allele specific (right tube) primers. Three 
dififerent DNAs were tyjped: DNA from a homozygous, 
wiid-typc p^obin individual (A/^; from a heterozygous 
sickle ^^Ipbin individual (AS); and from a homozygous 
sickle p-gb^n individual (SS). Each DNA (f>0 ng genomic 
DNA to start PGR) was analyzed in tripKcatc (3 pain 
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*f reactions each). The DNA type vas reflected in the 
^^j^iovi; fluotescexice intenside* in each pair of completed 
^f^plbBcatioiifi. There was a signiRcant increase in fluores* 
only where a ^-globin allele DKA matched the 
primer »ct. WhcD mcasuxed oa a spcctroflnoronietcr 
MatR not shown), this Bmofctccxicc was about three tiiilcs 
jtat pi^escm in a PGR where both p-gjobhi alleles were 
jnbitiatchcd CO the pHiner set. Gel ekctrophore«« Omot 
(ihowri) e$ciWi5hcd that thin increase in fliioresc&nce was 
due to the syrtthe^ds of nearly a microgram of a DNA 
fni^cnt of the expected size for P-^lobin. There was 
litdc syntHestt of dsDNA m reacdons in. which the ailek- 
<ipecif)C primer was mismatched to both alleles. 

Contijnioii3 mom^xToag of a PCR. Using a fiber optk 
d^tccrH }X>$iiible to direct exdtation tUutsiination from 
J, spfictrofluoTometcr to a PGR undcrgoijig thcrmocyding 
and to retirrn its fluorescence to the Kpcctroftuortnueter. 
Ilic £1tiore$ccncc readout of such arran^enientr di' 
^tictcd at an EtBr-containing amplificadon of Y'ChroinO' 
some specific scqvcnccs from 25 of teman mate DNA* 
is shown in Figure 5. The readout from a control fCR 
wHli no target DNA b also shown. Thirty cycles of FCR 
iverc monitored for each- 

The fluorescence trace as a function of time dearly 
showis the effect of the thennocyding. Fluorescence intcn- 
jdiy rises and . £alb invcrsdy with temperature The fluo- 
fcicencc intenfiiiy is minimum at the denaturation tem- 
perature (&4**C) and maxzinuin annCaUn^extenston 
temperature (SOX). In the negaiive<ontr61 PCR^ these 
fluorescence maxima and minima do not change signifl- 
cintly over the ihixty thcnnocydeii, inditatlng that there is 
tixtk dsDNA synthesis wtthotit the appropriate target 
DNA, and there is Utde if any bJe^bjiig of EtBr during 
Uie continuous )lluTnin;ition of the sam^e. 

in the PGR containing male DNA, the fluorescence 
maxima s^t the annealingi^excensioD temperature begin to 
incrcane at about 4000 seconds of thennocyding, and 
continue to incroa!;c whh time, indicating that dsDNA is 
being produced at a detectable (eveL Note that the fluo- 
rcjjccnce minima at the denaturation tetnpcrawire. do not 
fligniftcandy increase, prCfUroably because ai thh iemper- 
aturc there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tiaddag the fluorcs-. 
cence increase at the aoneaHn^ temperature. Analysis of 
I he products of th<»e two amplificadons by gel clcctropho- 
rcfws showed si DNA fragment of the ciqpected size for the 
male DNA containing sample and no detectable DNA 
sytiiheM<% for the control sampfc. 

DISCUSSION 

Downstream processes such as hybridixaiion to a se- 
quence-Apedflc probe can enhance tlie specificity of DNA 
dcccuiuD b> FCR. The cHnii»atK«i o€ dicac procc3»c3. 
means that' the spccifidiy of this homogeneous assay 
depends solely on that of PCSL In the case of fikUe-celi 
d«t;isc, we have shown that PGR ak>t>c has sufficient DNA 
sequence apcctfidty to permit genetic scteenixig: Using 
appropriate amplification cbtiditiofts, there is UtUc noft- 
spcdBc producdon of dsDNA in the abecoce of the 
Jipjpropriate target allele, 

rhc spedfidiy required to detect pathogens can be 
more or less than that required* to do genedc screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample A diflicuk target is HIV, which Tc<)uiTc& detection 
of A viral genome that can be at the level of a few copies 
per thotwands of host ccUs*, Compared with genedc 
screening, which is performed on ceils ^containing at least 
one copy of ilie target sequence* HiV idetection requires 
both more spedfidty and the input of more 
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# UV photography of PCR tubes containnig «aiiplii5cations 
^og EtBr tbiit are spedttc to vald'-type (A) or (tdu€ (S> alldcs of 
the hunuD ^-S^n giaie. The te& ot e«kch j^r of tu^ 
^ele^^^edBc piimers to the wild-iypc aueks. iht right lubc 
prttters to the »cWe attek. The phmowraph was tatcn ajtcr 30 
cycles of PCRi.aE«i the tnpui D^fAs anBl the alkies ihw oMUain 
9TC indicated, fifty ng of DNA was used to bcdn FCR Typing 
was done in uiptimtc (3 paitt of FCRs) fpr cadi inpm DNA 
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RGtfll 5 Continuotu. rcal-ttme monitoring of a FCR A fiber optic 
was «cd to carry, cxdtation light to a PtiR in progress aad also 
emitted lirfit badt to a flooromctcr (see Ex^nmcntal PrtKocc^). 
Amptificauon usicig human malo-DNA spcafic primers in a PCR 
Starting with ^ ng of human male DNA {t<^>T or m x control 
PCT wthout PNA (bottom), were, pooniiored. Thirty cyd« of 
PGR vert followed for each* The temperature cycled between 
94*C (deiwturatidn) Aud 60*C (anncaliog and extension). Note in 
the male DNA PC»,.die cyde (dmc) dcpietKfcot ifiorejisc in 
fliiorrsccncc at tht ann<saiing^€xtenM<m tcropet^iture. 
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DN A— lip to microgram ainoun&-^a order to have suf- 
ficient niunbcrs of target sequences* This large amount of 
.starting D>3A m an ampki^catkm signz&c^ntly Increases 
the back^urtd fluomceticc OT^cr whidi any addrtianal 
fluorescence pttxluced by PGR must be detected. An 
additit>na] compHcation that occurs with targets m tow 
copy-number is the fonnadon of the **prinaet-diiner" 
artifact This b the rcsvUx of the cxtendoti of one primer 
using the other primer 95 ^ template. Although this occurs 
infrequently^ Once it occur* the extension produa ss a 
substrate for PGR ampJiftcation, and can compete with 
true PGR targ^ets if those targets are rare, flie primfer- 
dimer produa is of coune d$DNA and thus is a potential 
source of false sigttal in this homoftcncoiLt a^say. 

To increase FCR specificity ana reduce the cHect of 
phmer^dinicr anlplifkation, we are invesdgatiiig a num* 
her of approaches, including the u$€ of ocstod^prtmer 
ampUftcauons tliat take place in st singie tubc^, and the 
*liot-start", in which nonspedfic atnptifkarion ifi reduced 
by raising the temperature of the reaction before DNA 
synthesis begins^^. Prdiminary resuks using these ap« 
proaches suggest that-nnmer-diincT b effectively reduced 
and it is possible to delect the incriease in EtBr fluores- 
cence in a PGR instigated by a single HIV genome in a 
b^.kgrOutid of cdU. With Urgcr numbers of cells, the 
bacl^round Ruorcscence contributed by genomic DNA 
becomes problematic. To reduce this bs^kgrownd, it may 
be possible to use sequence-spedfic DNA'^binding dyes 
that can be made to pxeferentiaJly bind PGR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PGR product uirough a 5' *'add-on'' to . 
the oligonucleotide primer*''. 

We nave shown that the detection of Baorescettce 
generated by an EtEr-containing^ PGR is straightforward, 
both once PGR is cotnplcted and continuously during 
ihcrmocyding. The ease with whkh auiomatioD of spe- 
cific DNA dctcctk>a can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed PCRs is jalreadvpossiblc with cxwtir^ginstru- 
mentauon in 96-we]] format^. In tills format, the fiuorcs- 
cence in each PGR can be <juantitated before* after, and 
even at selected points durmg thermocyciiiig by moving 
the rack of PGRs to a 96-microwcH plate fluorescence 
reader*^*. 

The instrumentation necessary to oontinuouitly monhor 
multiple PGRs simuhaneously is also simple in .principle. 
A direct C7C tension of the apparatus used here is to have 
multiple fiberopdcs transmit the c;&dtation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
utation of target DNA copy number. Plgure 5 shows diat 
the lai^er the amount of starting target DNA. the sooner 
during Pf^lR a fliioresxencc incrraAC is detected. Prcfirii- 
nary ejqjerimcnts <Higiidu and DoMinger, manuscript in 
preparation) i^ith continuous monitoring have shown a 
sensitivity to two-fold diffcrent»:s in initial target DNA 
concentradon. 

Conversely, if the number of target molecules b 
Vnown — as It can be in genetic screening-rCODtinuous 
monitoring may provide a means pf detecting fabc posi- 
tive and false ncgathnc results. With a known numb^ of 
target motectiks, a true posidve wotikl exhibit detectable 
fluorescence by a predictable number of cydes of PGR. 
Increases in Huorcscence detected before or after that 
cycle would indicate potential arti1^t& False negative 
results due to, for example*. inhibidon of DNA polymcT'- 
ase, may be detected by iodud'mg within each PGR An 
inefBciendy amplifying marker. This marker results in a 
Auomccnce increase only after a large number of cy- 
cles—many more' than an? necessary CO detect a true 



poshive. If a sampJc fails to have a fluorescence increa^ 
alter this numy cycles, inhibitton may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absebcc of fluoresccHHX sisnal alone, sucb oontrob noay 
be importaoL In any event, before any test based on this 
principle is ready for the clinis^ an assessment of tt^ fabe 
posidve/faise negadve rates wDI need to be obtained using 
a large number of known samples. 

In swmroar>*, the inclusion tn PGR of dyes whose fluo- 
rescence is enhanced upon tnnding dsDNA makes it 
possible to detca speciGic DNA amplification from ouisidi^ 
the FCR tube. In me future, instruments based upon this 
principle may facilitate the more widespread use of PGR 
in applications that demand the high throughput of 
sample5' . 

EXP£RMENTAL PROTDCOt 

HwDBs HLA-DQa geidte AmpHfkadons cnaCainiag CtBr. 
PCRs were set «p in 100 f*l wrfijmeg containing 1 0 mM Trts^HCI* 
pH 8.3; 50 mM KCI; 4 m^f MgCJ^: units of too DNA 
polymcr;i$c (Ferkii»*E}mcr Ocun, Nonralk, CT}; 20 piriofe each 
of bimun HlA-DQa ' gene specific oligonucleodGe primers 
(>H$B and CH27^ and appiOTmawly W coptcs of DQai PGR 
product diluted from a previous fe»ction. Ethidium bromide 
(Et&r; SigtnA) was used nt tbe conccatrations indicated to Fi^rc 
2. Thennocyding proceeded for 20 cycles in a modd 4^ 
thermocyder (Perkm-Elmcr C«u^ Ncrw&lk, CT) uang a "rtcp- 
cyclc" prognun of 94*(3 for 1 min^ dcnatuTcition afkl WrG for sO 
sec dnne:£ng and It'^C for 30 kc. e&Lenstoo. 

Y^romtmnnc specific PCR. PC^ (}00 fd total rcacdoci 
volume) contahiingl)^ jifi^ioJ EtBr were prepared as described 
For HLA*DQ«r except wiBn diflcrcnt prisnen and target DNAs. 
These PGRs contained I ^ pmolc each male DNA-tpcciflc prtcnet^ 
VI. 1 and Vl.J*°, aud cither 60 ng nralc, 60 ogfem>!e, 2 ng male, 
or OD human DNA. Thennocyding was £K*CTor ) nun- and SO^ 
for 1 min using a "rtcp-cyde*" program. The mnnber of cycles for 
a sample were as indicated in r>gui^ 3. FlupresGcncc measure- 
ment IS described below. 

Allek-flpccEficy boman ^-^^lobin ^cwe PGR. Amplitxcaiions of 
100 fJ vSiumc* «sinff 05 P^mX of ^.iBr were prcpaired ^ 
described for HLA-OQoi above except with different primers and 
target DNAs. These PCRs combined eiiW. primer pair HGPS/ 



^ ptt _ 

target DNA/t w^m tuc4 in separate amptiftcationsr-^O ng each of 
human DNA that was homosygpus for the sicVlc trail (SS), DNA 
that was hcterarygous for the skkle iraH <A$)» or DNA that vras 
honiOtrgOUS for ute W.l. ^Obin (AA). Tbcrmocycfing wJW for SO 
cyclca at 94^ for 1 min. and S5*C tor 1 min. it«n| a •^'itc jMiycte'' 
program. An anneftttng temperature of 55*H^ HaU been shown by 
Wa ei al.*' to provide aiidc-specifk: awpIitoUon* Completed 
PCRs were phcrtographcd through a red ftltcr (Wratien 23A) 
after pladhg the reaction tubes atop a model TM46 tr^nsfflufifti- 
nator (UV-pioducts Saii'G«br*cl, CA>. 

Fhiotesccnce measnremEttt. Fl«ore*oe»HX racasurcraeniA went 
mad^ on PCRs containing EtJJr in a Fluorolog-Z EttoromCtcr 
(SVIEX Edison, NJ). Exciurtion was at the 500 nni band with 
Abour 2 nm bandwiddi with a OG 41^5 nm cut-offftlterjMcJks 
Grist, Inc., Irvine. CA) to exclude scCond-order light. ECTiiteo 
Ughi was detected at 5^0 nm widi a bandwidd* of about 7 nm. An 
OG 630 »m cut-off filter Was used to remove the excitation hglst 
ConkftHtocuk RxK>re5iceDce nHnuMtng of FCR, CondniHTiis 
monitoring of a PCR in progress was accomplished usin^ mC 
spcctrofiuoromeier And SCtdnga dcscrtboa Above as WCM as a 
K)crop6c atcessory (SP£X cat no. 1950) 10 both send cxatajion 
light to, aod receive emitted light from, a PCR placed in a wcu 03 
a modd *80 dieniK>cydcr (Ptrkin-Elmer C«tus). The probe e^ 
of the fiberoptic cable was attached willi "5 hot trtc-cpoxy' to m 
open top of a PGR tube (a 0.5 ml polyvroj>yJcnc centrifuge tube 
with its cap removed) effectwely flcalicg it. The cxposca top 
ihe PCR lube and the end of the fiberoptic cabH: were sliicldcd 
from room light and the room lights were kept dimmed during 
each run. The monitored PCR was an amplin^utfn of y-djro- 
mosomospcdfic repeat scquei^ces a.i described above, except 
using.an anncaHng/extension temperature of 50X. The rcaCtton 
was dfrvercd -with xniner^il oil (2 drops) to prevcrtt cvapdranon. 
Tbemjocyding and fiuorc*ccncc rocasuccmcnt were starred si- 
multancously, A time^basc-sc*n witfi Ja lO second intcgradoili tune 
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uR5d And ihe emIsttOtt signal was latiocd to' tbc cxcicattQiD 
nigoitl to ocmtcol for chan^ m li^i-iwircc intciurity. D^it^.wcre 
^Iccied using the dni5000f» version S,5 (SFEX) data system. 
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IMMUNO BIOLOGICAL LABOI^ATORJES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is' expressed on the surface of 
frx>nocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Blnding-Protein (LBP). "me 
concenirailon of Its soluble hm is aRefed under 
certain patlTologteal corvditions. There- is evidence for 
an Important role of sCD-14Avlth polytrauma, sepsis, 
burnings and inflammations. 
During septio condifions and acute infections il seerr^ 
to be a prognostic mariner -^kI is ttierefore of value in 
monitoring these patients. 



1BL offers an ELISA for quantitative determination of 
soluble CD-i4 in human serum, -piasma, cel|-cu*ture 
supernatants and other biological fluids. 
Assay features: 12x8 determinatior^ 

(microliter strips), 

precoated with a specific 

monoctonal ar^body, 

2x1 hour incubation, 

standard range: 3-96 ng/ml 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti; and Karin Deetz 

Perkin-Elmer, Applied Biosysteras Division, Foster City, California 94404 




The 5' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hjfbridkatlon and cleavage of a 
double-labeled fluorogenic probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An increase 
In reporter fluorescence intensity In- 
dicates that the probe has hybridized 
to the target PCR prcKJuct and has 
been cleaved by the 5' ^3' nucle- 
olytic activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3'-end nucleotide. In ail 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the intemaiiy labeled probes. It Is 
proposed that the larger signal is 
caused by Increased iilceilhood of 
cleavage by Taq DNA polymerase 
when the probe is hybridized to a 
template strand during PCR. Prol>es 
with the quencher dye attached to 
the 3'-end nucleotide also exhibited 
an increase in reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion prolies. 



homogeneous assay for deteaing 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et a!/^^ 
The assay exploits the 5'-*3' nucle- 
olytic activity of Taq DNA poly- 
merase^^'^' and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, atuched to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET)/*'5> During PCR, if the probe is hy- 
bridized to a template strand, Tag DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -> 3' nucleol)^c 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an inaease in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity Indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes/*^ Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reportex fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 

MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramldite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6<arboxyfluorescein (6- 
FAM) phosphorarriidite, 6-carboxytet- 
ramethylrhodamine sucdnimidyl ester 
(TAMRA NHS ester), and PhosphaUnk 
for attaching a 3'-blocklng phosphate, 
were obtained from Perkln-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Clartrldges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeIed phos- 
phoramldite at the 5' end, LAN replacing 
one of the Ts in the sequence, and Phos- 
phaUnk at the 3' end. Following de- 
piotection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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FICURE 1 Diagram of S' nuclease assay. Stepwise representaUon of the - 3' nud^lytic ac- 
S.ity of 7'«" DNApolymerase acting on a fluorogenic probe during one extension phase of PGR. 



mM Na-bicaibonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-IO Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore Cg 220x4.6- 
mm column with 7-jmi particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 M TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the UN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleoUde position 7 from the 
5' end. 



PCR Systems 

All PGR amplificaUons were performed 
in the Perkin-Elmer GeneAmp PGR Sys- 
tem 9600 using SO-jtl reactions that con- 
tained 10 raM Tris-HCl (pH 8.3), 50 mM 
KCl, 200 jjiM dATP, 200 dCTP, 200 pM 
dCTP, 400 pM dUTP, 0.5 unit of AmpEr- 
ase uradl N-glycosylase (Perkin-Elmei), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 29S-bp seg- 
ment from exon 3 of the human &-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajlma-ll|ima et al.)^^' was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du BreuU et al.*"^ Actin am- 
pUfication reactions contained 4 mM 
MgGlj. 20 ng of human genomic DNA, 
SO nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was SO^C 
(2 min), 95'^C (10 min), 40 cycles of 95*G 
(20 sec), 60°C (1 min), and hold at 72**C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgGlj, 1 ng of plasmid DNA, 50 nM P2 or 
PS probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95**C (10 min), 25 cy- 
cles of 95"G (20 sec), srG (1 min), and 
ho!dat72"C. 



Fluorescence Detection 

For each ampiificaUon reaction, a AO-\d 
aliquot of a sample was transferred to an 
Individual well of a white, 96-well mlcro- 
titer plate (Perkin-Elmer). Huorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q. value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PGR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 Sequences of Oligonucleotides 



Name 



Type 



Sequence 



ACGCACAGGAACTGATCACCACrC 
ATGTCGCGTrCCGCCTGACGTTCrGC 
TCGGATTAClGATCGTrGGCAAGCAGTp 
GTACTGGTTGGGAACGATGAGTAATGGGATG 
GGGA-nTGCrGGTATCTATGACAAGGATp 
TrCATGCTTGTCATAGATACCAGCAAATCCG 
TCACCCACACTGTGCGCATCTAGGA 
CAGCGGAACCGClX:ATrGCCAATGG 
ATCCCCTCCCGCATGCCATCCIGCGTp 
AGACGGAGGATGGCATGGGGGAGGGCJVTAC 

CGCCCrGGACrrCGAGCAAGAGATi) 
CCATCfCTTGCTCGAAGT CCAGGGGGAC ^ 

For each oligonucleotide used in this smdy. the nucleic add sequence is ^^J^/"!^^^^^^ 
V dlreftton There are three types of oligonucleotides: PGR primer, fluofogenlc 
ll'f::S:^Zy. and compl^ent used to ^^^^^^^ 
probes, the underlined base indicates a position where IAN with TAMRA attacnea w 
nited for a T. (p) The presence of a 3' phosphate on each probe. 



F119 
Rn9 
P2 
P2C 
P5 
P5C 
AFP 
ARP 
Al 
AlC 
A3 
A3G 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
prol)e 

complement 
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A1-2 IUQgccctcccccatg<x:atcctgcgtp 

A1-7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1 -1 4 RATGCCXrrCCCCCAQGCCATCCTGCGTp 

A1 -1 9 RatgccctcccccatgccaQcctgcxjtp 

A1 -22 RatgccctcccccatgccatccQgcgtp 

A1 -26 RatcsccctcccccatgccatcctgcgQp 



Probe 


518 nm 


S82 nm 


RQ- 


TO* 


ARQ 




no temp. 


+ tenip. 


no temp. 


•f temp. 








A1-2 


25.5 ±2.1 


32.7 ±1.9 


38.2 + 3.0 


38.2 ±2.0 


0.67 ±0.01 


0.66 ±0.06 


0.19 + 0.06 


A1-7 


53.5 ±4^ 


395.1 ±21.4 


108.5 ±6.3 


110.3 ±5.3 


0.49 ±0.03 


3.58 ±0.17 


3.09 ±0.18 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


109.7 ±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.18±ai6 


AM 9 


187.5 ±17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


Z67±0.05 


S.80±0.15 


3.13 + 0,16 


A1-22 


224.6 ±9.4 


482.2 ±43.6 


100.0 ±4.0 


96.2 ±9.6 


2.25 ±0.03 


5.02 ±0.11 


2.77 ±0.12 


A1-26 


160.2 ±8.9 


454.1 ±18.4 


93.1 ±5.4 


90,7 ±32 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actln probes with TAMRA at different nucle- 
otide positions. As described in Materials and MethodSi PGR amplifications containing the in- 
dicated probes were performed, and the fluorescence eniission was measured at 516 and 582 nm. 
Reported values are the average±i s.D. for six reactions run without added template (no temp.) 
and six reactions ran with template (-i-temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ"*^ values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence mea-iurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ~) from the RQ value for the com- 
plete reaction including template 
(RQ"). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PGR as- 
say. These probes hybridize to a target 



sequence in the human 3-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PGR that amplified a segment 
of the ^-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PGR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PGR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that Is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that arc 



clearly different from zero. Thus, all five 
probes are being cleaved during PGR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger Inaease in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This Is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes AM4, Al-19, Al-22, dnd 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant inaease in reporter 
fluorescence when each of these probes 
is cleaved during PGR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PGR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 582 nm 



Probe 


no terap. 


+ temp. 


no temp. 


+ temp. 


KQ- 


RQ+ 


ARQ 


A3-6 


54,6 ± 3.2 


84,8 ± 3.7 


116.2 ±6.4 


115.6 ±2,5 


0.47 ± 0.02 


0.73 ± 0.03 


0.26 ± 0.04 


A3-24 


72.1 ± 2.9 


236.5 ± 11,1 


84.2 ± 4.0 


90.2 ± 3.8 


0.86 ± 0.02 


2.62 ± O.OS 


1.76 ± 0,05 


P2-7 


82.8 ± 4.4 


384.0 ±34.1 


105.1 ± 6.4 


120.4 ± 10.2 


0.79 ± 0.02 


3.19 + 0.16 


2.40 ±0.16 


P2.27 


113.4 ±6.6 


555.4 ± 14.1 


140.7 ± 8.5 


118.7 ±4.8 


0.81 ± 0.01 


4.68 ± 0.10 


3.88 ± 0.10 


P5-10 


77,5 ± 6.5 


244.4 ± 15.9 


86,7 ± 4.3 


95.8 ± 6.7 


0.89 ± 0.05 


2.55 ± 0.06 


1.66 ± 0.08 


P5-28 


64.0 ± 5.2 


333.6 ±12,1 


100.6 ± 6.1 


94.7 ± 6.3 


0.63 ± 0.02 


3.53 ± 0.12 


2.89 ± 0.13 



Reactions contaliiing the Indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2, 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PGR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ, We 
propose that this loss of quenching is 
caused by the rigid stmcture of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg^"^ effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg^* concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7)/ the RQ value at 
0 mM Mg^"^ Is only slightly higher than 
RQ at 10 mM Mg^"^. For probes Al-19; 
Al-22, and Al-26, the RQ values at 0 mM 
Mg^" are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg^* followed by 
a gradual decline as the Mg^^ concen- 
tration Increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg^* with a gradual decline at higher 
Mg^"*" concentrations. In a low-salt en- 
vironment with no Mg^"*" present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg^"" ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg^"*" effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 



DISCUSSION 

The striking finding of this study is that 
it seems the rhodamlne dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench tiie fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM In the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



S18 nm 



582 nm 



RQ 



Prob€ 


ss 


ds 


ss 


ds 


55 


ds 


Al-7 


27.75 


68.53 


61.08 


138.18 


0.45 


0.50 


Al-26 


43.31 ' 


509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


165.57 


0.43 


0.38 


A3-24 


30.05 


578.64 


67.72 


140.25 


0.45 


3.21 


P2-7 


35.02 


70.13 


54.63 


121.09 


0.64 


0.58 


P2-27 


39.89 


320.47 


65.10 


61.13 


0.61 


5.25 


PS-IO 


27.34 


144.85 


61.95 


165.54 


0.44 


0.67 


P5-.28 


33.65 


462.29 


72.39 


104.61 


0,46 


4.43 



(ss) Single-Stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of 50 nw indicated probe, 10 mM TrU-HQ (pH 8.3), 50 mM KCl, and 10 mM MgOa- 
(ds) Double-stranded. The solutions contained, in addition. 100 nM AlC for probes Al-7 and 
Al-26, 100 nM A3C for piobes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27. or 100 DM 
P5C for ptobes P5-10 and P5-28. Before the addition of MgO,, 120 of each sample was heated 
at 95*^: for 5 min. Following the addition of 80 fd of 25 mM MgC^, each sample was allowed to 
cool to room temperature and the Quorescence emissions were measured. Reported values are 
the average of tluee determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but. rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
endi or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26; A3-24; and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 run. If 
TAMRA Is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PGR assay (data not 
shown). Secondary effecton of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PGR assay. There are three mahi factors 
that determine the performance of a 
double-labeled fluorescent probe In the 
5' nuclease PGR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ" , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PGR. In- 
fluences on the value of RQ~ include 
the particular reporter and quencher 
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mM Mg 

FIGURE 3 Effect of Mg^^ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mM 
Trls-HQ (pH 8.3), 50 mM KQ, and varying amounts (0-10 mM) of MgCJi* The calculated RQ 
ratios (518 nm intensity divided by 582 nm intensity) are plotted vs. MgOj concentration (mM 
Mg). The key {upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T^. presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DMA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/^^ 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quendier is placed toward 
the 3' end. The lowest apparent quench- 
hig is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations dose to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
Is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the hi- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ~ 
value. For the PS probes, the RQ~ for the 
3' probe is Jess than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ~, 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PGR assay. In this 
assay, an increase In the intensity of re- 
porter fluorescence is observed only 
when the probe Is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher Is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well {A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the S' nuclease PGR assay Is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide niight be expected to 
disrupt base-pairing and reduce the 
of a probe. In fact, a 2**C-3°C reduction 
in T„ has been observed for two probes 
with internally attached TAMRAs.^^^ This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Inaeased cleav- 
age and hybridization etflciencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PGR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et ai/^^ demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
4f50S mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between rieporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The inaease in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The abiUty to detect hybridiza- 
tion In real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al.^^**^ describe just 
this type of homogeneous assay where 
hybridization of a probe causes an In- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two Imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR arhplifi- 
cation. 
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Wc have developed a novel "real time" quamiwtivc PGR method. The method meaeures ICR prodnn 
acaimiil3tion Through a duaMabd^d n»oro«enlc probe (Lc, TaqMan Prob^). This mclhofi provides very 
;,cairare and reproducible ciuanlliation of gene copies. Unlike other quaiilUaliVfe PCR methods, rcal-ume PGR 
does nor requite poM -PGR sample handling, prevendng poteniial PGR product carry-over contamination and 
resuitinjT In much faster and higher throughput assays. The reaMimft PGR method has a very large dynamic 
range of starting target molecule determination (at Wau Hve orders of masnitudc). ReaUlme auaniliarivc 
PGR is extremely accurate and less labor-intensive than airrent quantitative PGR methods. 



Quantitative micleic acid sequence inialysis has 
had an impoflant n)l6 in many Oelds of hioipgi- 
cal research, Mcasuicim^iU of gcMit expression 
(UNA) has bi'i^^\ used extensively In n)oniloilng 
biological responses lo various slimuii Claji c*l al, 
1991; HudiiR cl al. 199Sa,l); Pfud'homnic et al 
1995), Quantitative gen<? analysis (r;NA) has 
iHtn used io cK-.it:rminc the gcnuiuf ^uanLliy o/ 3 
particular gene, as in the case. ot the hum*m 
gene, w)iich Is amplified in -30% of breast tu- 
mors (Slamon u al. 1987). CJcnc onc3 gcnoini' 
quantitation (DN A and UNA) also have been tised 
fyr analysis of hiiuian inununndcficicncy virus 
(iUV) burden dcmonst rating changes in the lev- 
els of virus throughoul the diffivcnt phases of the 
disease (Connor et al. 1993; J^latak ci al. ]ys/:sh; 
Kurtado et al. iy9sS). 

Many methods havt^ been described for the 
quantitative analysis ot nncleic acid sequences 
(both fur RNA and DNA; Southttrn 1 V/S; SJiarp el 
al. 1980; Thoinrts T9K0). Recently, PCK lias 
proven to be a powerful tool for quantnative 
nucleic acid analpi.v PCR and reverse transcrip- 
tasit (K'lVPCR have permitted the analysis of 
minimal starting quantities of nucleic acid (a?; 
little hs one cell equivalcnl). This has made, pos- 
sible many experimenls that could nol hove been 
performed with tradilional mt-thods. AUhnugh 
PGR has provided a i>owerfu] tool, it is impcrativf. 



Rtn f3i 



thai h be uacU piopcrJy for qunniiUitlon (U»«y. 
mneKers 1995). Many early rejxjrts of quantita- 
tive I'CR and IVi-PCR described cjuantitntinn of 
the rCR product but did not measure the initial 
target s<^c)ucncc quantity. Il is essentia] to design 
proper controls for the quantitation of the initial 
tavgft sequences (l^crrc 1992; Clomentl ci al. 
100?.) 

KvN*:ii/chcrs have, developed ."icvoral methods 
of quantitative PCIK and UT-PCR. One approach 
measures 1*CR intxiucl qu«nliiy in the l<jg phase 
of (he reunion before the plateau (Kellogg ct al. 
1990; Pang ct li). 1990). This method requires 
ibai each sanvplci Has equal Input amounts of 
nucleic Juid and that each 3omi)lc under analysis 
ampllflw witJi iUeiitUvaJ efficiency up to the point 
of quuiiUlalivc analysis. A gene sequence (e.on- 
talneU in M .samples at relatively constant qtjan- 
tillttt, such as p-aclln) ean be us«d for samjila 
ujiipliTication e.fHcicncy normalization. Using 
conventional m«thods of PCiU detection and 
quantitdtiun (gd electrophoresis or plate capttirc 
hybridlzatirm). it is cjciremely laborious to as.suje 
that all samples nre analyzed during the log phase 
of the reaction (for bolh the target gene and the 
normalization gene). Another method, quantlta^ 
tive competitive (QC)"PCR, has l>cen developed 
and is used widely for T>c:r quantitation. (JC-PCR 
ri:lics on the inclusion of an interna) control 
compcllior in each reaction (Becker-Andre 1991; 
Hatak ct al. 199a«,b). The c/Qcloncy of each re- 
action is nomialii«:d to the intcrnol competiior. 
A ifimwn ;iin(iu(U of inirji>aJ comi^ditor can be 
aoiuM 7ne« not r^r wj rc:i»t 7nn7/cn/7T 
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c»Uded io each Raniplc. To obtain relative' qunnU 
tailon, Iho unknown larpct PCH prckluct is a««- 
j)iircd with ihc koown coinpvtitoi* K'^K product. 
Success of a C)U3fMllaMvc cuinpctHivo l*CU assay 
relitisi on acvcloping an Intcrnwl LXMiin>J II ml am- 
Ithftv^ wilh UlC same fifJclency as tliv UiiH^:l jooI- 
cculc. The design of xhv coiupctJu>i «iiU Ihc vnJI- 
catlon of am])I1flcailon vffjcicjicio jcquirc a 
dedicated cCfoxi. Huwevci*, l>ccaii5C QC-IKIU dtx's 
not require PC^U juikIucIs be *»niilyxtnJ during 
the loj; phiise yf ilie. ;iiujilirJcaiion, it Is llu: o^slor 
vf Iht: two methods to UiV. 

Severn! dHt*ictl4in ityAiiCin^ «ic u>K'.d foi quan 
lUativv l-'CK and !rr-1»C!U anttjysis! (1) aj;iir<>r.o 
gels, (2) fluurtra^x-iit IbLjcHmk i»f K;R pioducis nnd 
detect Ion with In.nTr-indiu-.rd flutircscvnce uatn^ 
capillary ekHitrophnrerMa (h'MKC" ct aJ, 1995} WU- 
ilams CT al. 1996) or aerylaiulde gelit, nnd (3) jihtic 
cnptUTtt and sandwlcli probe liybridfy^niun (Mul- 
der el al. 1994), Altliouj^h these ijicOukJ^ jmivrd 
Sticce.ssful, each meTliod requires puil-l'CR ma- 
nipulnilons Thar acid tin if. io the iinalyMs <uid 
in«y lead te* liibenatuty i un In nil nation. The 
sainpie Uiiuugliput uf l)»e>c mrlliwdN i> limited 
(wilh lh»r i-xccpllon of the plate cnj^turc ap- 
proach), and, tht:ri:f(iTi-., ihcac methods ore not 
well >uhrd fuj u>i.-.> demanding high sain pic 
throuf^hpiit (I.e., .screening of Uir^v zti.iinber:i of 

tlc> or clinical triaKs), 

Ikrrc wv r^TjTnrt the <icvcdnpin('nt of «i novel 
iiA-say for (Quantitative DNA ana1y:iiA. The assay is 
based on Ditt u.-^r tif ih« ,S' nuch'ttAc a.vtay flrit 
described by Hollund et al. (1993), TJie njvUiod 
\Lw ih<- 5' ttucIca.HC aiMivUy of 't\u{ (X/lymc.ra.ic to 
i:lcavc a n on extendible hyhridl/iition prohc duf- 
Injt; T>ic c^- tension plioar of I'CU. Tlu; apprijaeli 
»i3cs diial-Iabclcd fluorogcnic liybridi/.atlon 
probes (Lcc et a). 19^>3; fussier cl al. 19^>n; iJvok 
cl n!, 1^9r»a,b). One fluorescvnt dye .tervva a 
reporter jFAM (i.e., (^-carboxyfluoreMXiii)! and iU 
emission spectra is quenched by the second fluo- 
fftscrni dy<^., TAMRA (i.ft., (#-cari>oxy-i etra methyl - 
i hodaminc). The nuclease degradation of the hy- 
i)r1di/aitU)Ji ]3ri)he relvajfcs llie quencliicj; of Ihe 
TAM fiunrescenl eiiiiwkui, reMillin^ in an In- 
CTeuSv: in pca^k Huoresceni emission at SJM nin« 
'Hie use of a stn:^ucncc detector (ADI i'rism) allows 
mcasuremeni of flucire.sct!nt spceini «l all 96 wells 
of rlie 1 hernial cycler continuously during the 
IX;K ampMcarlon. Tnt:n;f(jre, tlie reuetiun* ans 
iiuinltored in real liiue. TJlc outpui data is de- 
scribed and quajnUatlvc uiuilysb of inpui iui>;ct 
DNA .<icqucnce5 L5 discussed below. 



RESULTS 



PGR Produce DerecrlQn in Rwrti Time 

'I1)e ^oi\] was to develop a higlvih rough put, son- 
siUvv, nnd Ai:ruraic j$ene qu;ntliiatlon a.ssay for 
U5C In monitoring JJpid mediated thf.rapouTic 
gene delivery. A plasinid wncoding human factor 
VUl gene .wjoftnce, pI-STM (sw. Methods), was 
used as a nicnld i>K:rai>ciUie Ke.n<!. Tha assay uso*^ 
fIuore„stcni Taqman mothodoloyy and an instru- 
moni c:*j3ablt: of measuring nunrc^ceiice in real 
lime (AUl Prism 7700 Sequence neiecinr). llut 
'I'aqman rtuicllon requires a Jiybfldlaation prnl^* 
lttl>clcd witii two different fluoroticcnt dyes. One 
dye is a fcporltff dy« (l-'AM), the otKcr !< quench- 
ing dye (TAMRA). When tlie pr<»ln: \s inlacl, fluo- 
lesccni energy transfer occurs and llic reporter 
dye fUiorc^cutnt emission is absorbed by ihe 
qucnclilng dye (TAKfRA). During tlic extension 
phase of the 1»CR cycle, thft nuorcstx-ni hybrid- 
I'lfohc is dccived by the 5'-.'V nucleolytic 
activity of thr DNA polymerase. Ot» dcavagc of 
the probe, the reporter dye emission is jio liin^cr 
tratrtfcrrcd efficiently to li»e ijuo.nc.hinK dye. re 
siiltiiiK In an hi crease of the report or dyy fluorct- 
cent cmi.-wlon djxtclro. VCIX primcr-s and probuH 
were desij^ninl foi lliu liuman factor VllJ se- 
quence and human p-actin jjene. (a.t dc^crilsed in 
Wctiiuda). C^piiu\i:talion reactions were per- 
formed to choose the appropriate probe unci 
magncsluni conccnuatioris yielding; 0»e liiK*"-^^ 
Inie.n.^ity of fei>ort.cr fluorescent si|;nal wjlho\it 
sacrificing specificity. The In.ttrunKinl uses a 
charge-coupled device (i.e., CCD camera) for 
mca.-s\ulnj5 the fluorcriccnt einiaslou apeelm from 
FiOO to r,$0 nni. i:ach VCM tul>c was monitored 
seipientially for 2f» Tn.scc wiili ct^nllnuous moni- 
toring lhre»U^hout tilt! aniplifieAlioii. Uach lubc 
wa.-» rtt-cjcanilrjcd every see. Coniputcr soft- 
ware, wa.s dcrsi^ned Ui cxainiJic tJie flu orescent In- 
tensity of both the re]>ortcr dy<r (I'AiVi).flnd 
the quenching dye fiAMIlA). The ltii<»re.sccn( 
Intensity of the quenddng dye, 'I^AWUA, chang^-s 
very little. rw<tr the course of the PGR amplifi- 
cation (data not shown), Tl^rrttfore, the Intensity 
of TAMllA dye omission serves as an internal 
.ntandai-d With which to nor»Mull>xi the reporter 
K\yv. (HAM) emission variat-ions. Tl>e software eul- 
euloles a value ii:rmcd AKn (or ^li<i) uslnj; the. 
following equation: ARn - (lln^ (Hn'). where 
Kn"* . oTUiSMlun iulcnsily K>t reporter/emission in- 
tensity of quencher at. any given thuc In a raie 
rloii tube, and Rn - emi^ion intcnsitity of re- 
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poncr/omlS5ltn) liuvn^ily i^f qucncUcr measured 
prior 10 I'CU i»ni]jIilication in Ihar same roJiciion 
tube, l-or the pvuposc of quaiitiiaiion, tlic Usi 
three data jjoinu (ARiis) CDlicacil tluring The. 
teusioji step for each PC:K cycle were aiinlyxed- 
The niicleolyiic dcf^ractoTion of the. liyuriOi/^iiion. 
])robe occiiM (luring ihe extcrisiUM phase or I'ui, 
and, tht:R>rore, reporter /lunrcscent aiiiaMun in- 
creases during this ilme. 'Jiu: ihiw dau points 
were averaged for cacJ^ k:K cycle and ^he ine«n 
value for OflCh was plotted in an "amplHlcatJon 
plot" sho^vn in JH«ure 1 A. llic Al^n mean vyluv \s 
plUUed on the j^-axls, and time, represented l;y 
cycic numbtr, is plotlwl on tlje;c-axis, Dxirlng the 
tiarly cycKv; ui the rCR ampl^fiiatlon, the ARn 



value r€»niain!; at base line When sufficienl hy- 
bridiz-ation probe hftS hcen cleaved by tlje Tmj 
ix>lymcra«: ouciftAfiO ftCtMty, tli« inleiiMly of ro. 
|XirU-r nuorc-iccAl cmisnloti iuf-'rcwbivb. ^'loAt PC.'U 
aniplipK^itions rcnch u v^laicflo phoHe of reporter 
fJuorcH-vtnl omifision U the reaelUwi Is carrit'd onl 
lo high c^cJe iJu/iiK-iN- The am]>lifiraUon plot h 
exuniiiual vuily in Ihi* reaction, ut a J^nt lhat 
icjjjcsents ihi' log phaiio of prcRkici amnnula* 
tion. This is done by usiignlng an arbiljtoy 
ihrcshold tiui is bHScd on the variHliilUy of the 
biise-lincdyu. Hgnre lA, the IhfMhold whs set 
Hi 10 stondard dc»vi<itlonK above, ihc mean of 
bafvc line endsi(u«i luilculated from t.ytilo 1 lo 1 fv 
Once the threshold is chosen, liic point at which 
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FlQure 1 PCR product detection i<) real time (A) The Model 7700 M^dwdre will "nsimct 'r"P«5^*|?" 
froTthe extension please fluorescent errission data colleaed during the PCR ampi ficaUon. T»,e rtanda-d de- 
Sn'i defei^'ed'lron, the data point, collected from tt>. base^e °^^irSKT^^^^^^^^^^ "e 
r^irulated Iw delermlnirtfl the poini ai which the fluorescence exceeds a threshold llmil (usually lu times J^e 
cianda fdev^^^^^^ Sne). (B) Overlay of amplification plots of serially (1:2) diluted human genomic 

Sma Siofra'S^td wlS p-actii iJme.. «S InputU concentration of U^e samples plotted v^^^^^^^^ 
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the amplificntion plot wroisca Iho threshold* ivclw 
flneti as C,, C, is rciX)Tlcti uti ihe cycle number ;it 
tItU point. Ar will be demon St rut lul, thi^ CI, .valor 
In jiicilicLjve of ihc quantity of input tiir^itl. 

Cj Values Provide a QuantluUve Measurcmcnf'Of 
Input Targer Sequences 

PIgiifc IB shows anipJification pJuis of lii-diYltsK. 
cut PGR ainpllficalions overlaid. 'Hie ftmplif^oa- 
rtons wore pcrformod on a 1:2 serial dlhitiora (a", 
human genomic J5NA. *J"hc amplified tarfioi v^:u 
huinan p octin. Tho :jmplificition plpri! Klnfl to 
the right (to higher threshold cycles) m the injnil 
lAfgci qtiantiiy is roduced. 'J?>i6 is cxpoctc^d ho- 
nmi!tlor!K with f«wi»r *;tnrtin|; copinx of t)lO 
largci molecule require grtaicr aniplificatlon lo 
degrade enough probe to atciin tlu* rhreshold 
fluorescence. An arbitiaiy threshold of 10 st;iri- 
dard dcvlallons above the base line was used to 
dtitunniiie tlie value::. FiRurc IC: ruprcsujUs the 
Cy values plotted versus the siinipJc diUitiuii 
value, Each dilution was amplified in trlpilcalc 
Pc:r hmplU'lcntions rand plotted as moan values 
with error bars representing; one standard devia- 
tion. T)iL' Cf v«)ut:$ decTuaM.' liuoarly with Increas- 
ing target quandty. 'Itius, c:,- values (.an be used 
as a qunntiTHTive measuxcmcni of tlii' input target 
number. It shovdd be noicd that tlu* amplifica- 
tion plol for the 15.6- ng samj^lc shown In Figure 
IB does not reflect the .snmc fluorescent rate of 
increase exhibited by most of the other samples, 
'llie 15,6-ng san^plc also ai-hievc-s c.ndpoini pla- 
teau at a lower fhioresceni value than wt)\ilcl he 
cAfx-ctcd ba,Ncd on the input UNA. J'his pJurnorri. 
cnon has been ol/bcrvcd occasionally with otlier 
samples (data not ^iJiown) and may be attribut- 
able to lutfi cycle inbibitiojj; this hyjX)liicsi.N is 
still under investigation. It is imporianl to note 
that tlie flattened slope ;jMd early pJalcau do not 
impact signlflcrantjy the calcuianvl value us 
dcmonsiTHted by the Hi on ihf lini* shown in 
Fij^wrt* 1 C, All triplicate aniplincaiiDns rtrsultnl in 
very similar Gr. values— the standard dcviadon 
did not exceed O.sS for any dlJullon. this cxpcri- 
inent contains a > 1 00,000-fold range of Input tar- 
get molerulfts. IJshig Cy vahies for qunnlKation 
permits a much larger assay range than dJreclJy 
using total fluorescent emission inlenslly for 
.quartUtation. The linear range. ol iluorcsccni in- 
tensity measurement of ihc ABI Priau) 7700 iic- 



ini»ntR over n very Usr^a r;nij»o i»f r?*l;4livf» «i;4rtlnp/ 
tar^^t^t quantit&eK. 

Sample (^reparation Validation 

Several paramoters Influence the efnciiMiry nf 
PC:r umplification; magnesium and salt concoiv 
t£HtiOM.<, reaction conditioris (i.e., tiiue «nd lenv 
pe.raturc), PCU target size and composition, 
primer sequences, and sample purity. All of Tlic 
.a]H>vc (actors are comtnon to a :dn|^lc VCM assay, 
except sample lo sample purity, in an efftjrt to 
validate Ihe method of sample j)rcparation for 
the lacior Vlil .-^ssay, PCK ampliiication reprocJnr- 
Hiility and oJficiency ol 10 replicate sample 
jirejwratioTis wim*. examined. Afie.r genomic ONA 
was prepared from t]ie 10 rftplieaic samples, the 
DNA was quantUalcd hy ulUaviolcl spectroscopy. 
AmpUncatlons were performed analyzing (i-nciln 
>^rjH: umtent in 100 and 25 of total ^<eIl(nnic 
UNA. liach J^C:R amplification was pcrfomied in 
triplicate. C^omparison of il^ values for each lri]j. 
Itcate suuq^le .show minimul variation based on 
standard deviation and coeflicient of variance 
(Tabic 1). Ilierefore, each ol the triplicate VCM 
ainj)lifications was highly reproducible, dcmon- 
Sirailng that real time FCK using this inslfumcn- 
inlion introduces minimal variation Into th« 
quantitative: VCli analysis. ClinniwrlsoTi of tlu: 
nicaii vqIuc.i of tlm 10 replicate sample prepa- 
rations alscj showed minimal variability, indicat- 
ing that each sample preparation yielded suniiar 
rcsuh.s for |-t-nctin gene quantity. 'J'iie higlirsl Cy 
tlifference between any of the samples was 0.85 
uiul 0.7] for the ](K) and 25 sijmples, respec- 
lively. Addititma/Iyi tht* ainpllflcdtion of eadi 
sample, i^xhibitud an equivalent rate of fluorcsv 
ccjit emission inlenslly change per amount of 
DNA target analyzed os indicated by similar 
slopes derived from ihc sample diluiion.s (Pig. 2). 
Any sample containing an excess of a PCX inhibi- 
tor would exhll)ii a greater measured p-aciin 
value for a given quajnliy of UNy\. In addUion, 
the inhibitor would be diluted along with the 
s«mplc in the dilution analy.sis (l ig* 2), altering 
the expected c;,. value change. Each .sample am- 
plJficoiion yielded a simiJar result in rh« analysis, 
dcmonsiraiing^ liiat iliis method of .sample prepa- 
ration Is highly reproducible, with regard io 
sample purity. 

Ouantitartve Analysis of a Plasinid After 

7ncR no/ aha w J ac : hi rnnr/cn/ri 
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Tabia 1. RoproduclhlUty of Siimpl« Proparatton Method 



1 



3 

4 
5 
6 
7 



10 



Mean 



100 ng 



Samplo 

no. Cj 



standard 
m^iin deflation 



CV 



18.24 
18.23 

ia.33 

18.35 

18.3 

18.3 

18.42 

18.15 

18.23 

1S.32 

18.4 

18.38 

18.46 

18,54 

18.67 

19 

18.2B 

18.36 

18^2 

18.45 

18,7 

18.73 

18.18 

18.34 

18.36 

18.42 

18.57 

1 B.66 

(1 10) 



1«.27 



10.^2 



18.55 
18. i2 



0.06 
0.06 



18.34 0.07 



18.23 O.OS 



0.0>\ 



18.74 0.21 



18.39 0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

o.3;> 

0.36 
0.46 
0.23 
1.26 
0.66 
0.&3 

0.6S 
0,90 



25 ng 



20,48 

20.55 

20.5 

20.61 

20.59 

P0.41 

20.54 

20.6 

20.49 

20.48 

20,44 

20.38 

20.68 

20.87 

20,63 

21.09 

21,04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20,46 

20.54 

20.48 

20.79 

20.78 

20.62 



Standard 
nr^^An deviation CV 



20»51 0.03 0.17 

?0..^4 0.11 0.54 

20.54 0.06 0.28 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0,12 0.57 

20.51 0.07 0.32 

20.73 0.1 0.-16 

20.66 0.19 0.94 



tor coiit*iining a parllxii cDNA for human factor 
vni, pKBTM, A series of trooyfcciions wua sot 
up u sill 5 a decreasing amount of ihc plasiiiid\40, 
A, and O.l p-g). 1\vr!niy-rour hours jw.si- 

.trtii^-Hfet ilnn, toial DJsJA wti^ purlflfd from each 
flask uf trlls. p-AL lin i;cijc quiiiilUy wai lIjuxm on 
a vrtluc for iioimfiIi/.^titin of ^v-noniic. ONA COn- 
cciirraUcjii fiuin rradi saiuplc. In Ihls cAptrjjij^ciil, 
(i-actin Kcnc coniciu should runiiiin consiani 
rclailve to raral ^cjiuinlc DNA. Kl^jun* A xtiows Ujc 
result of the p-actlfi DNA ineasuTement (TOO ny 
lOUl DNA dclcrniinted hy ultraviolet speirtros- 
COpy) Ot eiit.li :»iiii;itlc. Kach sample wns analyzed 
in iriplicate and the mean |i-aciin C:^ values of 
the Iripli'catfts were, plotted (error bars reprcnjojit 

r.rHrt r*.*-i.io»»/i Hu^rii^iioni 'I h#» blPh#*5iT ciiffrfmrr 



bi»twv«n any iwt> fiamj>Ic( moinic was 0.*»5 C,.. Ten 
nanograms of totyl DNA uf eadi sample were alRo 
rxmnliiettl for p-aciln. Ilic results afi,am .^sliowcd 
thnl very siiiiUar amouni.*! of genomic 1>NA wore 
present; 1 1 u: maximum mean |i acnin value 
difference wa.s 1.0. A? Tigure 3 shows, tlic rale of 
p actJn Cr cliiinKv: lx.Lwecn the 100 and 10-i^g 
sajnplc.5 was simltttr (s]oj>c values rang« >>wtwoon 
3,56 and --3.45). TVii.s verifies again ihni ihi: 
Jiiclhotl of .sample prq)arailnn yields !;aTn]>los of 
jdciMical pen integrity (i.C-, no sample cont.iined 
an excessive amounl of a PCR inhibitor). ITcw- 
ever, llK-sc r<!sults indicate that CHeJ) samplct con 
lalncd diffeience.'s in the adufti amount of 

gciuimic 1>NA analyyxd. Determination of acMai 
liunojiiic ^>NA ^.onea-d ration was aceonipUshcd 
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Figure 2 Soniple prcpdirdUon pun'ly. 1 he reptioato 
samples shown In Table 1 wore nly^j an^piiGed In 
tripicate vising 25 iig of each DMA sample. The fig* 
uie sliowi the input DNA conccnlrnlion (TOO dr»d 
25 ng) vs. C, In ih#* lirjnrp, ih<* 100 nnd P5 HQ 
po)nU for each sample are connected by a line. 



Ijy jiloUJng Uic mean (i-iictin Oj value obtained 
for itiivM 100- llg Kdinplv MM a p-acihi sinndanl 
v.-uive (shown In J'Sh- ^^)' «chi«-il genomic 

ONA coiicciitr-i<l«"' i'^ c«ch suini^U:, tt, was ob 
taU^cd by extrapolation tt) the x uxl&. 

ri^ur^- shows Uic jncasiircd ({.«., mw^- 
nOfmflU7.«d) qvuiiililics uf faclof VI)1 plnninUi 
ON A (pWM) Ciom each of tlu: four iransicnl cell 
lr*iii>sfec;t[onA. Ench rcaciion contained JOO ng of 
total 3<implc UNA (tta dctcTJnnjcd by UV spcctfOit- 
copy)- s«mplc wiis uualyzed hi trij>Iit:4itv 
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Figure 3 Andlysls uf hdosfectcd cdl DNAquonllly 
and purtty. Iht: DNA preparatloni* of tlic four ;?9.1 
cell transfections (40, A, 0.5, and 0.1 ixg of pF8TM) 
were ana!y7ed for the P-actIn germ. 100 dnci 1 0 ng 
(determined by ulcravtolel spearoscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfectcd, the (i-aciln 
Ct values are plotted versus the lolal Input DNA 



•1>C:U ;rtnplificatiun,%. A.^ shown, pl*B'I*M porifivtl 
fftoir Jbc 29:* cells docr«»sas (mean C, valuci; in- 
CTvr.tsi'!) with decreasing amounts of pi asm id 
arumi'i'iMlcd- Thw mc»n vnUics obtnincd for 
pFtiTW in Tigurc 4 A wcrt' pJottiKl ou a sUiiidurd 
curve c«»mprl.s«tl of stciluHy diluted pKK'rM, 
shown .in figure 4B. Thu quanlWy uJ pI'XI M, 
found in each a( the four tranRfoctlonK was do- 
tcrminftd by cxtrnp«Jation to the * axle of tho 
standard curve In figure 4H. 'Hutsc uncorrected 
values, b, for pWiTM wwrc* iK>ru);*MyAtil to dcicr- 
minc Uic acluMl amount of pl'Sl'M fti\ujd pwr 100 
rjK of ijcnomic DNA by using Ihc equation:. 

/> X lO O Tift ucHiiil pI'S'lTvl ci>r;lt.t oer 
^ ^ 100 of genomic DNA 

where w ■- actual gaiomit DNA in u .sample and 
h 1- pI'H'I'M copies /rom the ^ftaiidord curve. 'n)c 
normttJincd ^uaiiiiiy of pl'8TM per 100 ng of ge- 
nomic DNA for each of The four Iran.ifccilon.s i.i 
xhown m Hgur(.' MIicm: rr-^uU^ .show ilifti ihc 
qunnuty of factor vm plasmlO ii:*:iWlalcU wiih 
XjTkC 29.1 celLS, 24 hr tiftcr trujusfwrum. Uih.iisjsus 
with dccrcu^lii^ p]ii>niitJ uJtJi.ttnLiaiJoii u.^cd In 
ihi: iraii:>fct:tu>n. Tlu: quantity of pl b'J'M nwocJ- 
iiicu with 293 cells, after tran.sfccilon with 40 (xg 
of pliisjiiid. was 35 pgp^T 100 ng gtniuirilc DNA, 
Tllis results In -520 plasiiiid copies per cell, 



OfSCUSSION 

Wo have described a new method for qunntitiii- 
in^ gene copy numbers u.ting real'linic anuly.sl.s 
of PCH ampHficationx. Real-time PCK is oHiipat- 
iblc with cJthc!T of the two PC;:K (kT-PCR) ap- 
pruadica: (1) quflntilalivc con»r«='i^*'^^* vvhcrc An 
UileiJiul c-uinpcllior for each target .sequence is» 
usc-d for noTmaliJiatlon (data not shown) or (2) 
quaiitiiauve comparative PCH using u uuiuialiiici- 
tion gene conlained within the sample (i.e., p-nc- 
tin) ax a ''housekeeping" gene for RT-PCK. If 
equal amounts of nucleic ucid are anaiymi for 
e.ac:n sample and if the aiTipllflcatluji effiticncy 
btiftjre quantitative analysii i> identical for end i 
sample, ihe iTirenial contuil (nujmnli/'Hitjoii gene 
nr competirtjr) .iliouid give equul MKoah for ali 
«i<iniplcs. 

The rcaJ-time PCU method (jffers scvenii ad- 
vanlagcs over tlic other two mclhodK currently 
employed (see the introducUon). i-irsl, the. reaU 
tiine PCR metbiod is perfonncd in a do.scd-Uibe 
system and requires no p)St-rc:R marupulatlon 
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PiacnUd ufiod in triMOfMiton 



4.1 ^ 4 




^(4 aiy6 

FJgurR 4 aii;*ntltiitive «nolyBi« of pFSTM in Iraf^sfccicd cclb. (A) Amount of 
plasmid DNiA uicd for the irunsfecilon plotted againsi iht; ii>cari Ci vutue deter- 
minod for pffiTM rcmainincj ;>>t hr alter Ucnsfcction. iD,C) Siandard curvr^ of 
pf.RTM ;*nd Mctin, respcclivcly. pf^TM DNA (fl) OilCl genomic. ONA (Q were 
dilutftd ^ftrblly 1;i before ;ampliflcc*llon with the opproprifllc primcfi. The p-acliii 
standard curve way usod lo norn>ali>c Ihc results oiAKo 100 ny of qenomic DNA. 
(0) The amoutu of pFSTM prcsc^i per 100 1^9 of genomic DNA. 



of s;jmplc. Tberoforc, Uu' potent i«] for TCR coji- 
tnn^ln<)ti(;fii in the lalx>mt<.iry is reduced bccaUNc 
ampjlflcd products can lu» iiija)y*/.cK) and disponed 
cA witliont Opening t/u' ru;i<:iion tubes. Sectuul, 
this method suppoiU l)»v.- um? i>f a iitiriir,i1j>'.(itiuij 
Kcno (i.e., P-iictm) {or qtiantitaiive PCR or house- 
keeping genes for cjuynlitntWc RT-l'CK controls. 
Analysis Is performed iv rea) time during the Jog 
phase of product accumulation. Analysis during 
)r.»K phuie pcrmit.5 mai>y different genes (over « 
wide Input iftrgct range) lo be analy^rd .limului- 
iu:uu?ily, without concern of reaching rc^cilon 
pluicnii at different cyclc;>, Tim will make ijiulll- 
^ciu^ analysis assays much ca.-^le.i Iw Uoeiop, bc- 
cnuac individual internal uJiiipciUoii will iii>i l>e 
needed for coch gone under anoly»t»- Tliird, 
Admpic throughput will inticd.%c drBMialicdlly 
witii the new mcU-iod Ixrcau-ic. theve i» no post- 
W'M jirocc:»sing lime. Additionally, winking In a 
!J6-we.li format is highly coinjjatiblt; wltli auto. 
ujiiiiOfi lechnolo^. 

The rcctl-tinie 1*CR iiiclliod is highly reprr*. 
dutible, Repllcaitt amplifications can be aiiitlyiceO 



for c:»ach s,implc nilniml'idng jjotcntlwl error, '('he. 
.system ;illows* I'or a very large assay dynamic 
runge (upproaching l,OOU,tM>0-rold Mailing tai- 
gel). VaUi^ u Maiidord eurve for th« tar>;cl oi in- 
tcrvM, rduTJve copy number values can be dclcf- 
mlnccl for oi^y uukjiuwjj ^^^;pU^ hiuurtisceni 
threshold vaJuca, Cp conrJain linearly with rela- 
tive DNA copy numl>er.'i. Ueal lime quanlllatlvc 
HT-I*t:j< methodology (GlbNOJi et al., Uiis Iwuft) 
ha.i alsol)cc:n d«vt*lopcd, finally, real llmt: qurtii- 
titntivr I*CU methodology can be used to dtrvclup 
high-tl^rou^hput scjreenLng flMay.i fc»r o variety ol 
applications fquanUtatlvc gene c^frnsaiou (KT- 
rOI^), Rcnc copy o.nanys (Itcr2, IJIV, ClC), gcni> 

typing (V;i\ockoui mouse analysis), and immuno- 

pcnj. 

knal-thne PCU may al.^o l>c jTcrformcd using 
interc4iloiiFig dyes (Higtiohi ct ul. ^\)^.yA,) svich us 
cfJiidiiim bromide. The fluorogenic prohe. 
mclhod offers a major advantage over Inic.r- 
ralaiing dyes- -great ex specificity (I.e., primer 
dlmers find nonspcdflc PCR produces are. not de.- 
t**.ried). 
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MtTHOlPS 

Generation of «i Plasmld Conialning a Partial 
cDNA for Human Factor YIU 

To^Hl KNA WAS )turyr:\tcd CUNA*'.ol W (rt>m 't oJ Test, inc., 
hfjtjndawood, TX) from lx'JI> i t-»nafecu«tl >^^ih a fociur VIU 

<nnn ci al. \990), A faclor i^urilal cDNA sf»<jiirTuv W«S 
^•fit-mtcd by in* K:le l<;i»iieAn»p n'lh ItNA \H\\X Kll 

(pan NW)K-0T/y, Appi"-*) iiiosywcms Vosu'i c:ity, <.:a)J 

arc shown below), nir ampllccm was feaniplifiril iIAIar 
iiKHlifi(.'0 I'flfor and I^«rcv prlmefs ^»pix*iuU'd wMh /<tfmlll 
and */r»rclUI rv-stflctlon 5Uc sequences »t 4Uv h' ciwl; woi^ 
clonal Itilo |XiKM- 32 flVoiTitt-u CUV(>,. MuUlhou, Wl)- The 
rcsullln^clnnr, pPSITvi. was iwctl lor transipni iransfealon 
of :i93 cdijt. 



Amplification of Target DNA ami Dulccilpn of 
Amplicon Factor Vill Ptasmid DNA 

(pvtri'M) was titni»iin«a wiui Our i»ii»»vii i"Bf<if 5'-<:(;c:- 
(rrcK;(:AACiAtj:itJAi;uic,*TC.3' anct i^sk-v .s'-AAA<:<rr- 

i;:ACC;cri'OCiA'JXitj'rAC';C!-3'.11ie nfncilun pfiKliKrO 11 ^27^ 
ri|> k*;k produci. J'lii' forwiirtl primer wiw UolxiteO tu icf 
ntjtil/.u u uiilquv M'lpu'iur ^nllld In I he 5' untrdiisliM^<) 
rcy,»U»' pwtciil tKJl52.lk25J> pU,->iiiiil (iml tiutrcfofc 

cluv» K'UJH'^^'*'' rtinplify llw liuuiaii fncUir VIU 
geuv, l»riinofft woro chOKQii wtli liw av»i»AitMff of lK(*iM>ni. 
putcr proKr;ini Oli^o (Nii(i<«uil lUu.'scionvcs, ItK\, Ply- 
mouth, MN). The Iniman P-act»" ^,t'nv was aiiiplincd with 
llic prliucra fi-t»'lii» AirwarU j>rhiicr il' TCACC'^.lACA( :ViVV 
GCCCAT(T!'AC:c".*A-3' anJ fl-adiij icvt-rsc p>tmcr .■>'.( :A(;. 

C00AACc:C(ri*<:Arr(;c:cJVAJGG-3*. The reacilon pro- 
auceo zvsnp i'C:h prmlua. 

A m pi 1 flea lion rc:iciions (SO (J J coiHciiiU'd a PNA 
sample. lOX I'CU Huffitr H (5 jtl), 200 jtM UAIT, dCrP, 
dCrr, and ^00 \iM riUrP, 4 mM MgCI^, l.^S Unlis Ampll 
7V*(/ r;NA pojymcia^c. as unit Aini^wnsc urflcti N->;iy- 
t.i».nylu)«.' <UNC), 50 ^moiv of each fnclci VIII prliitci, un<l IS 
p«n<>lf oC ttuoli p Jicttn pt Inter. 'Hkt icactUfit^ (iIm* t:t>nlolnccJ 
one of IhC foMpwlnj; tUM^ftlnn priihrs (WW) iim cnrh): 

Gr.CTT(TAMRA)p 3' nud p-ntiin j/roUc 5' (rAM)ATC;f.x;t;- 
X(l'AMKA)C:CCCr:/T(:;Cc*:ATf:p-3' where p indloaics 
phn.nphnrylrtijAn nrvd X incllcQtcs a linker arm nuclc<»ticle, 

Rcncllo3l UiIk"? wrn.- MicniAitvp Oplii^l Tul>CS (pari AUm- 
lK-rNK01 09.1,1, PcricJn Ulniur) iJiat wofv frosu^l (v(t )H«rl;lM 
P.lmcr) to pri-vt-til Kyhl /roiu /cflcciinf;! Tube copi were 
slmilfli- i« MioniAiVip tinps iHil specially dcaiRiicd lo prc- 
Ycui 11^1 1 1 scMtUrMt2(..AII <*{ Hi<* P<«U i>Ufti/ti«tiMtl>U'A wcro svi>w 
|.liv:a l>y PI*; Applied Uiofiy^tMii? (Poalor C.Uy, CX) cXCCpl 
ihr fuel or VIU ^riitiera. wliU')» wi-ir .tynthrsl/rd a I Ccmvm 
iccli, Inc. (St>iilh f»i"i Frtoiicisco, CA). Ptohcv wt-rf dcsJ^nwl 
uislng the Oljyr.J 4-0 5oftwarc, folK^wiiiK giildrlliios kuk- 

jicsiwi in mc MoUfl 7700 .Sequence lH'ttrti>r iH.ituuiK'nl 
manual, UrlcHy, prwUt- 'r,„ i)iiujtit lie ftl least S^C h\^\hcr 
man nir amu-alUiK iciiip^'Mlurc u.ncd durlii); ihfrmtil cy- 
rhng; pflmcrsi sho\ihl ntu Xuiim MrfhU- d^tpk'xc^• with On- 
pfobr. 

The thcnij4«) ryrling conditio ivs IncluiWd 2 niln at 
50"C; and 10 min al 95*0. Hiri-inal t7Cljn)5 prorrrdrd with 



rfactiont; wore perfonncd i»» Ihc Moflnl 7701) ,SequC nee IV- 
U-^-lor (Pt Apphftl UlosyKlyuifc), «»hlrh conUhu Gcnr- 
Amp 1»<':U Syslvm yOOO. Ut-aUlon condition* wi rr- pin* 
RTUniinua on ,1 ^»wwr MiicinU»«h VlOO (Apple C>,>n»pn1f>r, 

Sania Clara, tv\) linked dirvtily lo the Model V?no Si*. 
4UCIIW IXilffClor. Aiialy»l« of daU w»t; alu.i iw^rformwi nn 
Umt \r\Uah compxiicT. f *.Allnrilon and aiiaiydK t(»fiw:4to 
wt« devclo|wl HI Applk'^t Bloj5y*iwn»s. 

Tran>fection of CclU with Factor VIII Qjiulrucl 

PnuT ruS nasks of cells (ATCC C:K1. fi human 

feiol klUncy «»bpenKion cell line, wvrc h"'**" i'"' 
Mwcm-y aft.1 irawfccled pl-fTl^l. Cellft were in thi.^ 

followltig modin! St)% HAM'S wlthoui GMT, ^0% lowi 
p)uco5tf niUlKaNi's modified Kaxlo incdium (I)MUM) wltii* 
cnn Rlyrinu wiUi aodJum bicarbonate, 10% ietal Uwinc 
scnmi, 2 uim L-i;iwl<iimno And 1% penicilliu-slrcpiomy- 
\|rt. The medio waa diar»(jcd 30 niin Mo"* Hk- iransfoc 
lion. prUTM DNA amouniti of 40, 4, OS, and 0.) wvro 
i»UiU:(i to ^^ ml of A solution conialnlnR 0.125 m C:aa:,.- 
and 1 X wm'S. The four tnixhrn-s were left al rc>o)n tiMti- 
(jK:.n.\tjn- fcM 10 mIn aivd ihcii iiddol drii|>wijw- *o tl»o eclli. 
•lliv n»»k> *»vi»- ;n»..ul>alcd al ftpd < *-0. for 24 hr, 
•vashtfd with PUS, ^'(•iiJ ra^Mspcndcd In PUS. The reniiH 
jA*ndi:<l cclU were divided into biUiuols und UNA wfli ev- 
tT»u:ted Iniincdiulcly usins Uiv QIAamp l^'«»Ki f^'t (Qi^P^'n. 
aiatJW>Tti), <.VS). I>NA wii.s (:liil<-d Into 200 oi 30 h-m 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-I, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and (») Wnt-1 transgenic 
mice. The WlSP-l gene was localized to human chromosome 
8q24.1-8q24 j. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3i3 (GSK-3P) resulting in an increase in 
jS-catenin levels. Stabilized ^-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked ''advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 
© 1998 by The National Academy of Sciences 0027-8424/98/951 47 17-6$2.00/0 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
p-catenin levels (9). APC is phosphorylated by GSK-3^, binds 
to 0-catenin, and facilitates its degradation. Mutations in 
either APC or ^-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-j3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-l 
and WISP'2, and a third related gene, WISPS. The W^S/' genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
«ov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor, SSH, suppression subtractive hybridization; 
VWC, von WiUebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778. AF100779, AF100780. and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 |Lg of poly(A)'^ RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 pig 
of polyCA)-" RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcioned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-l 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP'2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP'3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTTECH) and 300 of each dNTP at 
94X for 1 sec, 62''C for 30 sec, 72'*C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. "P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP'2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Hunisville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-m>'c in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2(^ct) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The l^/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-J and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcripiion-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-I and WISP'2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. lA and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on p-catenin levels (13, 14). Expression of WlSP-I was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5 -fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-I gene under the control of a tetracycline- 
repressibie promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-I mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-I were isolated and the 
sequence compared with mouse WISP-I. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of *40,000 (Mr 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP'2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of 27,000 {Mr 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WJSP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. IVISP-I and \VISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
\VISP'2 (fl) expression in C:57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A)* RNA (2 ^g) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse (fY^P- /-specific probe 
(amino acids 278-300) or a 190-bp W75/»-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human p-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human mSP'2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC. thrombospondin (TSP). and C-terminal (CT) domains are 
underlined. 

position 197. WISP'2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-l. 

Identification of WISPS, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WlSP-3 has two potential N-linked glycbsyl- 
ation sites and 36 cysteine residues. An alignment of the three 
■ human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WlSP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WlSP-2 are homologous to the recently 
described rat gene, rCop-I (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
. disorders and is induced by TGF-P (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-l. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor" (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WlSP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PGR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WlSP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains sbt cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels, 
H^ISF'I expression was seen in the adult heart, kidney, iung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP'3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-l and WISP-2, Expression of 
WISP-1 and WlSP-l was assessed by in situ hybridization in 
mammary tumors from Wnt-l transgenic mice. Strong expres- 
sion of WlSP'l was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP'l expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WlSP-l, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-l transgenic animals 
(Fig. 4 E'H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 






Fig. 4. {A, C, £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-l transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D, The tumor (3 a moderately weil-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WlSP-1, however, was observed in tumor ceils in 
some areas. Images of WlSP-2 expression are shown in E-H. At low 
power (£ and f^. expression of WISP-2 is seen in ceils lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP- 1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP- 1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP- 1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-m>'c, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PGR and Southern blot analysis. (Fig. 
5/4 and B), Both methods detected similar degrees of WISP-I 
amplification. Most cell lines showed significant (2- to 4- fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PGR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-I in-about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one {P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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FiG. 5. Amplification of WlSP-1 genomic DNA in colon cancer ceil 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PGR. (B) Southern blots containing genomic DNA (10 p.g) 
digested with £coRI {WlSP-l) or A2>al (c-myc) were hybridized with 
a 100-bp human WISP- 1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes arc 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-I 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP'2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 
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mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WlSP-i, WISP-2, and WISPS, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was delected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is hot clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., j3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l*transformed cells, hours 
or days after Wnt-l transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through g-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WlSP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-)3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WlSP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin ayfo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-I and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34), Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-^l, which is the stimulus for 
stromal proliferation (34), TGF-jSl is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Writ-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-J 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-l gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
W!SP'3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP'2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP^2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-I, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reiduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic p-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISP^. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnl-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK wpre dissolved in water, made isotonic with 
NaCl and diluted into RPMl growth medium. T-cell-proliferation assays were 
done essentially as described^""". Briefly, after antigen pulsing (30M-gnir' 
TTCF) with tetrapeptides {l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% PCS before co-culture with T-cell clones in 
round-bottom 96-weU microtitre plates. After 48 h, the cultures were pulsed 
with 1 p-Ci of ^H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 jig TTCF with 0.25 p.g 
pig kidney legumain in 500 p.! 50 mM citrate buffer, pH 5.5, for I h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine} 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGS^A^^DCSGNFCLFR(KKK). which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N- terminal sequencing. The lyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 "C with 
5-50 mU ml"' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgmP' a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmfid to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamil/. Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal Tung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)^ 
DcR3 lacks an apparent transmembrane sequence,. which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL^ (Fig. 2a), but not to cells transfected with 
TNF^ Apo2L/TRAIL'■^ Apo3L/TWEAK'''', or OPGL/TRANCE/ 



NATURE|VOL 396| 17 DECEMBER 1 998 1 www.nature.com 



Nature® Macmillan Publishers Ltd 1998 



699 



letters to nature 



RANKL'""'^ (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRl. Gel-fihration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K^ — 0.8 ± 0.2 and 
l,l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0,1 p-gml"'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results' ^ activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes '''*"'". Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —1 iJ-gml"'; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osieoproiegerin (OPG): the C-terminal lOi 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD i -4). and the/V-Iinked glycosyiation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Cloniech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 
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Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bonom). incubated with 
DcR3-Fc (solid line, shaded area), TNFRl -Fc (doned line) or buffer control 
(dashed line) (the dashed and doned lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference {P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythr in- 
labelled celts, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernaiants were immunoprecipitated with Fc-tagged TNFRl, DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d. Flag-tagged sFasL was 
incubated with DcR3.-Fc or with buffer and resolved by gel filtration; column 
fraaions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Rag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PGR)'* in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PGR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infihrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumoiir-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequendy in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PGR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this. 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T 160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAG) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone s insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAG, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the *epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG^•'^ . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas". A second mechanism involves proteolytic 
shedding of FasL from the cell surface'^ DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a. Human Jurkat T leukaemia cefis 
were incubated with Flag-tagged soluble FasL (sFasL:. 5ngmr') oligomerized 
with anti-Flag antibody (0.1 M-gmP') in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human lgGl and assayed for apoptosis (mean i s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as In a, in presence of i M.g ml"' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGi (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc. or DcR3-Fc (lOM-gmr'). 
After 16 h, apoptosis of CD4' cells was determined (mean i s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with ^'Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of *'Cr (mean i s.d. for two donors, each in triplicate).- 
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Figure 4 Genomic amplihcation of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c. d. f, g. h, j, k. r). seven squamous-cell carcinomas (a, e, 
m. n. o, p, q). one non-small-cell carcinoma (b). one small-cell carcinoma (i). and 
one bronchial adenocarcinoma (I). The data are means t. s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c. In situ hybridization . 
analysts of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-held Image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplihcation of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd). the 
DcR3-linked marker T16O. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 ampliHcation of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk Indicates P < 0.01 for a Student's f*test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described^'. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins. DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG^ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcRl (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family Ugands, 
thereby modulating the antiviral immune ^esponse^ Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. . □ 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq"^^ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PGR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-gcnerated probe based on the ESTs, one positive clone 
{DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (Immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL" (2 jjig), together with pRK5 encoding CrmA 
{2^,g) to prevent cell death. After 16 h, the cells were incubated with 
biotinyiated DcR3-F.c or TNFRl -Fc and then with phycoerythrin -conjugated 
su-eptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smimov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
> not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipltation. Human 293 cells were transfected as above, and 
metabolically labelled with ["S]cysteine and ["Slmethionine (0.5 mGi; 
Amersham). After 16 h of culture in the presence of z-VAD-ftnk (lOp-M), 
the medium was immunopreci pita ted with DcR3-Fc, Fas-Fc or TNFRl -Fc 
(5ng), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified. Flag-tagged soluble FasL (1 jig) (Alexis) was incubated 
with each Fc-fusion protein (1 p-g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL {25p,g) was 
incubated with buffer or with DcR3-Fc (40 p-g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-mI fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 p-l aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinyiated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometryof two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 




IgG. blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag -tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AlCD. CD3'' lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltcnyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 pgmT') for 24 h. and cultured 
in the presence of interleukin-2 ( 100 U ml"') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4* cells" 
Natural killer cell activity. Natural killer cells were isolated ftom peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with ^'Cr- loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of ^'Cr in effector- target co- 
cultures relative to release of ^'Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kem 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PGR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PGR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene -specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAG 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160). which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGGTG-3' and 5'-ATCACGCCGGCAGCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2*^^', where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes'. The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £. coli 
proteins is composed of ABC transporters^. Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs). which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £. co/i'*^"* is a 
well-characterized ABC transporter that is a good model for. this 
superfamily. It consists of a membrane-bound complex, HisQMP2, 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis^ the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer^. HisP has been purified 
and characterized in an active soluble form^ which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an *U with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. I). A six-stranded p- 
sheet (p3 and p8-pl2) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi, P2, P4-P7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The 3-strands at the dimer interface are labelled, c. View of one monomer from 
the bottom of arm I, as shown in a, towards arm II. showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT". N. amino terminus; C. C 
terminus. 
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Gene ampiification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-cha in -reaction (PCR) method, 
based on Huorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in reat-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PC R-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661-666, 1998. 
O J998 miey-Liss. Inc, 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi ei ai, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 1 q 1 3), and erbhl ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndJ, and erbBl proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992;, 
Schuuring et ai, 1992; Slamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
^g/reaction) to yield reliable quantitative results, Funhermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. TTie method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM {i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA {i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nucieolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {Le., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PGR amplification. 

The real-time PGR method offers several advantages over other 
current quantitative PGR methods (Geli et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Ci (threshold cycle) value used for quantification is 
measured when PGR amplification is still in the log phase of PGR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of G, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PGR 
method is run in a closed-tube system and requires no post-PGR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PGR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndJ and erbB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Gentre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study, if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PGR product is first 
detected, rather than by the amount of PGR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter G, (threshold cycle) is 
defined as the fractional cycle number al which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e.. lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of GGH (Kallioniemi et al., 1994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed *'N", and is determined as follows: 

copy number of target gene (app. myc, ccndl, erbB2) 

N = r- • • " _ 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Gincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster Gity, GA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PGR Gore reagent kit, Micro Amp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PGR products, according to Piatak et al. (1993). In 
practice, each specific PGR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PGR. The 5 PGR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PGR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Glontech, Palo Alto, GA) 
at a constant concentration of 2 ng/jil. The standard curve used for 
real-time quantitative PGR was based on serial dilutions of the pool 
of PCR products ranging fi-om 10"' (10^ copies of each gene) to 
10"'" (10^ copies). This series of diluted PGR products was 
aliquoted and stored at — 80''C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 |il) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
lOx TaqMan buffer (5 ^il), 200 ^iM dATP, dGTP, dOTP, and 400 
\xM dUTP, 5 mM MgGlj, 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50*'G and 10 min at 95°G. Thermal cycling consisted of 40 cycles at 
95°G for 15 s and 65°G for 1 min. Each assay included: a standard 
curve (from 10^ to 10^ copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CTV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
delects the signal from the fluorogenic probe during PGR. 

Equipment for real- time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (GDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Ci and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/|il. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10- copies or as 
many as 10^ copies. 

Copy-number ratio of the 2 reference genes (app and a\b) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al. 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that olb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in **Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc\ 0.7 to 1.6 (mean 1.06 ± 0.23) for 
and 0.6 to 1.3 (mean 0.91 ± 6.19) for eri?B2. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erb52 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies oi erb^l (15%, 
16/108) and myc (10%. 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

^Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (I myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southem-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify, the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND cr6B2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


a5 


myc 


0 


97 (89.8%) 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8 (7.4%) 


erbBl 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 
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reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small eariy-stage tumors, cytopuncture 
specimens or formalin-fixed, parafiRn-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over- representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNO) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffm-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Ci to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C| value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR. like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al. 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 2Iq21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (;7) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al. 1 992; Borg et al, \ 992). (///) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al (1992) and Courjal etal 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 15-fold, also in keeping with eariier results (about 
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ALB 



Tumor 
T118 
T133 
T145 



Ct Copy number 
27.3 4605 
23.2 61659 
22.1 125892 



Copy number 



26.5 
25.2 
25.6 



4365 

10092 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (El 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8, blue squares). Given the Q of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experimenL Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems eM/., 1992;Borge/fl/., 1 992; Courjal e/ 
qI, 1997). (v) The er6B2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et qL, 1995; Deng et ai. 1996; Valeron 



et ai, 1996). Our results also correlate well with those recently 
published by Gelmini et al ( 1 997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndi GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Hccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


7118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


nil 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl %tnt 
amplification {HccndJIalb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(> 5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbBl) observed by means of real-time 
quantitative PCR as compared with Southeni-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamone/fl/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 proio- 
oncogenes) in several tumors; erb^l is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used . 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, pi-ognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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